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Abstract

There has been a great deal of interest in developing relaxed InGaN pseudo-substrates for
the fabrication of efficient red/amber/green light emitting diodes (LEDs) and laser diodes (LDs)
for augmented/virtual reality applications. Additionally, relaxed InGaN pseudo-substrates can be
potentially advantageous to further increase the operating frequency of GaN-based high electron
mobility transistors (HEMTs) that are being used for high-power RF applications. However, it has
been widely believed that achieving full or even partial relaxation of an InGaN layer via abrupt
growth of InGaN film on GaN is not feasible due to the formation of a high density of defects.

My Ph.D. thesis was focused on the development of relaxed InGaN pseudo-substrates by
using novel approaches such as growth on alternative substrates (e.g. ZnO or compliant porousified
GaN). For this purpose, plasma-assisted molecular beam epitaxy was utilized for the epitaxial
growth of InGaN films. I used several characterization techniques, including X-ray diffraction
(XRD), atom probe tomography (APT), transmission electron microscopy (TEM), and atomic
force microscopy (AFM).

In the process of developing InGaN pseudo-substrates, I discovered certain growth
conditions that lead to the spontaneous formation of superlattice (SL) structures, composed of
InGaN layers with different compositions. I then further investigated the impact of GaN polarity,
In flux, growth temperature, and strain on the formation of self-assembled super lattice (SASL)
structures. I also showed that the formation of such SASL structures allowed the growth of InGaN
films beyond their critical thickness coherently strained to the underlying GaN. This discovery can
have potential applications for the fabrication of various optoelectronic devices such as
photovoltaic cells, photo-detectors, LEDs, and LDs.

Therefore, to achieve relaxed InGaN films, a unique approach, an epitaxial growth on O-
face ZnO substrates was also studied, as ZnO is lattice matched to Ino.>GaosN. For this purpose,
atomically smooth GaN films, showing step edges, were first developed at low temperatures to
suppress the interfacial reaction between nitrides and the ZnO substrate at elevated temperatures

using metal-enhanced epitaxy. InGaN films as thick as 1 um were grown. Although using the low-
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temperature GaN interlayer was shown to improve the InGaN structural quality, the dislocation
density remained high.

To achieve relaxed-InGaN with high structural quality, growth on porosified GaN was then
explored as an alternative approach. The impact of InGaN thickness and different compositionally
graded structures on InGaN relaxation grown on tiled porous-GaN pseudo-substrates (PSs) was
studied. In addition, the impact of the degree of porosification on the In incorporation and
relaxation of InGaN was examined. 82% relaxed 1pm thick Ino.18Gao.s2N, which is equivalent to a
fully relaxed In-composition of 15%, on porous GaN PS, was obtained. Additionally, multi-
quantum wells (MQWs) grown on the MBE InGaN-on-porous GaN base layers by MOCVD
showed ~85 nm redshift in comparison with MQWs grown on planar GaN.

There can be several practical applications for the spontaneous formation of SASL in solar
cells and optoelectronics (LEDs, lasers, photodetectors, and etc.). Additionally, next-generation
electronic devices, including hot electron transistors (HETs) [1], InGaN-channel HEMTs could
potentially benefit from relatively high temperature (690 °C) growth of high-quality InGaN and
spontaneous formation of InGaN/GaN SASL. Moreover, high-quality relaxed InGaN with high In
content can be utilized to get efficient red LEDs, especially micro-LED displays. Porous GaN can
be used as a pseudo-substrate for both (Al,Ga)N and (In,Ga)N related alloys to cover whole visible

spectrum.
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Chapter 1 Introduction

1.1 Material Properties of InGaN

[I-nitrides refer to GaN, InN, AIN, and their ternaries along with their quaternary alloys
[2,3]. Among the ternary III-nitride materials, InGaN ternary alloys have tremendous possibilities
in different optoelectronics and electronics applications e.g., lighting [4], displays, lasers,
photodetectors, and solar cells [5]. (In,Ga)N alloy system has been considered one of the most
important materials for light-emitting diode (LEDs). Moreover, InGaN alloys could be useful for
some electronic applications. These applications need the unique optical and electrical properties

of InGaN. Most of these properties are related to the crystal structures and wide energy bandgap.

Waurtzite Zinc-blende

Figure 1.1 Schematic illustration of InGaN wurzite and zinc-blende crystal structure. The small (blue) and large
(vellow) spheres indicate N and In/Ga, respectively Courtesy: W. M. Linhart [9].



1.1.1 Crystal Structure

InGaN can be of different crystal structures e.g., wurtzite (WZ) and zinc blende (ZB) [6,7].
The interaction between the orbitals results in sp® hybridization, leading to tetrahedrally bonded
(and vice versa) configurations of In/Ga and N atoms in both WZ and ZB structures [8,9]. The WZ
and ZB structures of InGaN are shown in Figure 1.1 [9]. WZ is the thermodynamically stable
phase of nitrides under ambient condition. The focus of this thesis is on III-nitrides with wurtzite
crystal structure. The WZ structure has a hexagonal unit cell and thus two lattice constants, ¢ and
a. It consists of six atoms of metal Ga/In, depending on their composition, and nitrogen atoms.
InGaN with WZ crystal structure consists of two interpenetrating hexagonal close-packed (hcp)

sub-lattices each with one III atom, offset along the c axis by 5/8 of the cell height (5¢/8).

+ e N
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Figure 1.2 (a) Ga-polar and (b) N-polar IlI-nitride wurtzite crystal structure showing spontaneous polarization
Courtesy: E. Ahmadi [8].

The WZ InGaN thin films lack inversion plane perpendicular to the c-axis, and therefore,
depending on the crystal orientation and surface termination, InGaN can have metal-polarity or N-

polarity (Figure 1.2 (a) and (b)) [8]. Since nitrogen is more electronegative than other group-V



elements, III-nitrides usually have a higher degree of ionicity. This high electronegativity of the
nitrogen atom also contributes to the stability of the wurtzite phase of III-nitrides.

Furthermore, due to the lack of inversion symmetry and the partially ionic bond of III-N,
wurtzite [II-nitrides e.g., InGaN exhibit unique polarization effects along the c-axis (Figure 1.2).
Moreover, when strained along the c-direction, they show piezoelectric effects. The total
polarization is a sum of the spontaneous and piezoelectric polarization in the film. The electric
polarization in InGaN results in unique electronic properties (e.g., band diagrams and charge
distributions) in (Al,Ga,In)N heterostructures [10]. These heterostructures are essential for the

demonstration of electronics and optoelectronics applications.

1.1.2 Bandgap
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Figure 1.3 (a) A schematic of energy band diagram with valence band, conduction band and energy band gap.
(b) E-K diagram showing direct band gap of InN with e-h recombination and photon emission Courtesy: A. C.
Sparavigna [14].

(In,Ga)N has a direct bandgap gap within the whole composition range, which is essential
for optoelectronics applications e.g., light-emitting diodes, lasers, and solar cells [4,5]. Its wide
bandgap makes InxGai.xN an excellent candidate for devices operating at high temperatures and in

extremely harsh environments. Early investigation of InN indicated that the bandgap of InN was



in the range of 1.7-3.1 eV [11,12]. However, at that time the material was usually grown by
sputtering, resulting in a polycrystalline and inhomogeneous film with high defects and electron
density leading to inaccuracy in InN bandgap measurements. With the development of epitaxial
growth techniques such as, MBE and MOCVD, InN film quality significantly improved. In
addition, an understanding of the Burstein-Moss effect in highly doped InN helped to explain the
increase in InN bandgap. Burstein-Moss effect refers to the increase in band-gap energy in
degenerate semiconductors, which is associated with the effect that some states close to the
conduction band can be populated due to degenerate electron distribution. These discoveries have
led to the community accepting a lower value of ~0.7 eV [13] for the InN band-gap energy.

The narrow band-gap of InN is due to the electron configuration of In
(1s?2s?2p®3s23p°4d!1%5s25pt) and N (1s*2s?2p®) atoms and interactions between orbitals [13]. The
repulsion between N 2p valence band and shallow In 4d inner core-shells moves the valence band
maximum to a higher energy state. In addition, the large difference in both ionic size and the higher
electronegativity of nitrogen lowers the energy of the N 2s orbital. These characteristics lead to a
narrowing effect between In 4d and N 2p orbitals and this leads to an increase in p-d repulsion
effect. The p-d repulsion effect also occurs in other IlI-nitrides e.g, GaN where the bandgap is 3.4
eV since the repulsion for GaN is much smaller than that for InN due to the large Ga 3d and N 2p
orbital separation.

InN has an E-K diagram with a conduction band minimum and valence band maximum at
the same K-value [14] (Figure 1.3). Therefore, InN has a direct bandgap, which results in efficient
e-h recombination. The band-gap can be tuned from 0.7 eV to 3.4 eV by alloying GaN with InN
and can be measured by photo-luminescence technique. In Chapter 2 and Chapter 4, Ga-polar

InGaN grown Ga-polar GaN template on sapphire substrates showed strong luminescence



properties. In contrast, in Chapter 3, N-polar InGaN grown on bulk GaN substrates surprisingly

showed no light emission.

1.1.3 Pseudo-morphic Growth and Critical Thickness

InGaN epitaxially grown on GaN template can be referred to as heteroepitaxial growth since their
in-plane lattice constant is different [15,16]. During hetero-epitaxial growth, a small amount of
strain can be managed by elastic formation of the unit cells or lattice in the out-plane direction to
compensate the decrease in in-plane lattice parameter. During epitaxial growth of InGaN with low
In content, the in-plane lattice constant can be forced to stay similar to the substrate in-plane lattice
constant, which is referred to as pseudo-morphic growth. A hetero-epitaxial InGaN film can be
grown pseudo-morphically on a GaN substrate below a certain film thickness, which is known as
the critical thickness [17-21]. With an increase in In content in InGaN, the critical thickness
decreases due to an increase in strain. An InGaN thin film grown on a GaN substrate beyond
critical thickness relaxes by the formation of dislocations and defects. Critical thickness is
explained in detail in section 2.1.1 of Chapter 2. In chapter 2 and chapter 3, both Ga-polar and
N-polar InGaN on GaN substrate was grown beyond critical thickness by formation of self-

assembled superlattices consisting of In.Ga;.xN/In,Ga;.,N.

1.1.4 Polarization

The difference in the electronegativity between the IlI-site atoms and the N atoms results in an
ionic bond in I-nitrides [15,22]. Due to the absence of inversion symmetry and the ionic bonding,
[I-nitrides, including InGaN, show spontaneous polarization, a built-in electric polarization absent
in other conventional semiconductors e.g., GaAs and ZnSe. In a WZ crystal structure, where

c/a=1.633, the polarization vectors nullify each other and net polarization in the lattice is zero.



However, in III-Ns, the ratio deviates from the ideal value, resulting in a net polarization along the
¢ axis e.g., (0001) or (0001) direction. Additionally, tensile or compressive stress in the lattice
produces additional polarization called piezoelectric polarization. Piezoelectric polarization in

non-polar directions e.g., @ and m axis are zero, but piezoelectric polarization toward the ¢ axis

is non-zero.
Therefore, the net polarization (I_’)net) in each layer is the summation of spontaneous ( IB)SP) and

piezoelectric ( 13;32) polarization shown in Equation 1-1

-

Pret = Psp + P Pz
Equation 1-1
1.1.5 Phase Diagram of (In,Ga)N and Phase Separation
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Figure 1.4: Binodal (solid) and spinodal (dashed) curves for the InxGal-xN system, calculated assuming a
constant average value for the solid phase interaction parameter Courtesy: Ho and Stringfellow et. al. [23].

InyGaixN (x is the InN mole fraction) growths have always been challenging and
intimidating due to complexities e.g., phase separation, inhomogeneity [23-25]. These are due to
the solid phase miscibility gap, which results from the large difference in interatomic spacing

between GaN and InN. Ho and Stringfellow [23] reported the temperature dependence of binodal



and spinodal boundaries in InGaN system with an updated valence force field model (Figure 1.4).
They calculated the extent of the miscibility gap and determined that the equilibrium In mole
fraction in GaN is less than 6% at 800° C, the maximum temperature typically used for epitaxial
growth by molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD).
The phase diagram also shows a critical temperature of 1250 °C for phase separation.

These results show that InGaN alloys are unstable over most of the composition range at
the normal growth temperature. Thus, the miscibility gap is one of the significant challenges for
the epitaxial growth of InGaN alloys [26,27]. However, epitaxial growth techniques e.g., MOCVD
and MBE were designed with the capability to grow materials in supersaturated conditions where
the equilibrium phase diagram does not apply usually. This leads to the possibility of the growth
of metastable InGaN alloys. Indeed, once the InGaN has been formed, growth kinetics help to
prevent phase separation. However, due to the miscibility gap, InGaN shows composition
fluctuation and the formation of localized In rich clusters, which make the crystalline quality of
the layer comparatively worse. In Chapter 2, it was shown that a self-assembled superlattice
consisting of In«Gaj.xN/In,Ga;.,N has been formed due to vertical spinodal decomposition toward

the growth direction and strain.

1.2 InGaN Pseudo-substrates for Optoelectronics Applications

Lighting consumes about 20% of total global electricity production and contributes to
carbon emission that is equivalent to approximately 70% of the amount produced by the global
automobile industry [28—32]. The most widely used source of lighting is incandescent light, a
technology that has not been improved since the 19" century. To replace incandescent lights, there
are several energy-saving alternatives e.g., halogen light bulbs, fluorescent light bulbs, and LEDs.

In recent years, rapid advancements in the development of high brightness light-emitting diodes



(LEDs) based on Ill-nitrides have introduced the concept of solid-state lighting (SSL) and led to
the possibility of replacing incandescent bulbs with LEDs [33-36]. Advancements in SSL
technology are transforming the lighting industry due to its compactness and, longer lifetime
(20,000 hours for LEDs compared to 2000 hours for incandescent light) while consuming only a
small fraction of the electrical power for the same luminous intensity. Additionally, this includes
the benefit of robustness, anti-vibration-free, flexible design, and reduced carbon emission. Given
the widespread application of SSL, I. Akasaki, H. Amano and S. Nakamura were awarded the
Physics Nobel prize in 2014 for their work on bright and efficient blue LEDs.

Furthermore, with the increasing use of portable, wearable, and other consumer electronics,
the standards of displays have risen exponentially, and the demand for better displays has gained
dramatic attention in both academia and industry [29]. The use of electronic devices has become
essential component and has infiltrated our daily lives, from smartphones/tablets and laptops to
automotive displays and large TV monitors [32,37,38]. Due to the huge application of smart
displays, market research companies forecast the display panel market will grow by more than 30
billion USD from 2019 to 2024 globally. With these recent demands in display technology, a new
display technology referred to as micro-LED is currently being recognized as the ultimate solution
to next-generation display technology [39,40]. Global tech giants are putting a lot of effort into
micro-LED on a variety of products like wearable displays, high speed augmented reality
(AR)/virtual reality (VR) displays, pen projectors, ultra-high-definition and high
brightness/contrast large flat panel displays, and TVs as well as visible light communications [41—
44]. A huge demand in consumer electronics for micro-LEDs is a major driving force of the
development of recent innovations in technology and products related to micro-LED. According

to a report from MarketWatch, “The global MicroLED market valuation was 170 million USD in



2018 and is expected to reach 17 billion USD by the end of 2025, growing at a compound annual
growth rate (CAGR) of 78.3% during 2019-2025.” The growth percentage is much larger than the
overall display panel market [40].

In nitrides-based LEDs for SSL and displays, a smaller bandgap material (In,Ga)N
sandwiched by larger bandgap material GaN creates an InGaN/GaN quantum well, which is often
referred to as an active layer. Therefore, (In,Ga)N is an essential part of any nitride-based
optoelectronics device. N. Yoshimoto et al. [45] demonstrated light emission from high-quality
InGaN grown by MOCVD in 1991. Later in the 1990s, S. Nakamura et al. [36,46,47] worked
extensively on InGaN as an active layer for blue and green LED. A blue LED is used to stimulate

the yellow phosphor, converting the blue emission to yellow or green emission for commercially

available white LEDs.
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Figure 1.5: The green gap. Maximum external quantum efficiency (EQE) of different commercial nitride and
phosphide LEDs (spheres), illustrating the green gap problem. The lines are guides to the eye Courtesy: M. A. d.
Maur et. al. [48].

However, this conversion leads to an inefficient energy loss defined as Stokes’ loss, which

makes device performance below 75%. The loss mechanism can be eliminated by substituting the



phosphor-based down-conversion with direct color-mixing, combining the light emission from
different LEDs at a different wavelength. The most important challenge of phosphor-fee SSL is
the green gap. The green gap refers to a severe drop in efficiency in LEDs emitting green or yellow
light compared to blue or red ones for IlI-nitride and III-phosphide technology, respectively [48].
Figure 1.5 shows the maximum external quantum efficiency (EQE) of different commercial
nitride-and phosphide-based LEDs showing the green gap problem. High efficiency of green LEDs
is particularly important since the phosphor-free SSL based on color mixing needs a green emitter
with an emission wavelength ~540 nm. Besides, integrating red LEDs based on phosphides with
green and blue LEDs based on nitrides has been a challenging task. Due to these issues, obtaining
ultra-efficient InGaN-based green and red LEDs is of paramount importance.

Growing high-quality InGaN with high In content has been challenging for the last few
decades. This is due to the low miscibility of In in InGaN, the vapor pressure of InGaN being
lower than that of GaN, and large lattice mismatch of InN and GaN (~10%). For MOCVD, it was
shown that the In content needs to be below 20%-25% to maintain good quality. Higher In content
InGaN layers showed phase separation [24,25,49] due to the miscibility gap [48].

Moreover, InN and GaN thermal stabilities and vapor pressures are quite different. InN
starts decomposing at 500 °C due to its low vapor pressure [50] whereas the ideal GaN growth
temperature is about 700 °C in plasma-assisted molecular beam epitaxy (PAMBE) [51]. To
achieve large In contents, the substrate temperature during InGaN growths needs to be decreased
below 600 °C, which reduces the Ga adatom mobility, resulting in a rougher surface and
inhomogeneity in the ternary alloys. Additionally, at typical InGaN growth temperatures, the In
desorption rate is lower than the In-N bond decomposition rate, leading to the accumulation of

metal In droplets on the surface [52]. Furthermore, for InGaN/GaN QWs, at lower GaN growth
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temperatures, surface quality degrades drastically due to nitrogen deficiency [53]. Due to the
presence of the Quantum Confined Stark Effect (QCSE) (discussed in Chapter 5) in the c-plane,
InGaN/GaN QWs can emit in the green region with In content lower than 20% by increasing the
well-width. Unfortunately, this reduces electron-hole overlap in the QW region, resulting in a
decrease in quantum efficiency and poor performance [30,31]. Additionally, conventional
AllnGaP-based red light-emitting diodes (LEDs) showed high efficiency in regular devices with
0.1 mm? but the nLEDs devices had low external quantum efficiency (EQE) with low device
dimensions and showed a decrease thermal stability at a high temperature. These is due to
Shockley-Read-Hall (SRH) nonradiative recombination due to sidewalls damage and a higher
surface recombination velocity. This is a challenging issue since these issues are related to intrinsic
AlInGaP materials property. It has been explored that InGaN pLEDs can be an alternative to solve
EQE size effect by sidewalls passivation. InGaN pLEDs has a robust thermal stability in
commercial InGaN blue and green LEDs as well. Therefore, InGaN red pLEDs can be a promising
candidate for pnLEDs display application.

The availability of relaxed bulk InGaN pseudo-substrate can offer the ultimate solution to
the problems discussed above e.g., high strain and QCSE. By using a relaxed InxGai«xN layer as a
pseudo-substrate, the growth of the In,Gai.,N based structure where z>x can be attainable [54,55].
This can reduce the lattice mismatch between In,Gai,N and the pseudo-substrate compared to the
lattice constant between In,Gai.N and a GaN substrate or a compressively strained InxGaixN.
Thus, the pseudo-substrate can accommodate higher In incorporation by increasing the critical
thickness of In,Gai.,N film and lowering the piezoelectric component for polarization. In Chapter
5, it has been demonstrated that In.Ga;.xN/In,Ga;.,N MOW grown on relaxed InGaN pseudo-

substrate by MBE showed ~85 nm redshift compared to MOW grown on planar InGaN pseudo-
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substrate by MBE, which confirms a relaxed InGaN pseudo-substrate can increase the In
incorporation MOW. Besides, the light emission intensity from MQOW grown on relaxed InGaN is
much higher than that from MQOW grown on planar InGaN. This is associated with mitigation of

the QCSE by relaxation of InGaN and increase in e-h recombination efficiency.
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1.3 InGaN Pseudo-substrates for Electronic Applications

Table 1-1: Essential parameters of Si and III-nitrides with Johnson’s figure of merit Courtesy: E. Johnson et. al.
[56]

Si GaAs SiC GaN AIN InN
E, (eV) 1.1 1.4 3.2 3.4 6.2 0.7
me 0.2 0.067 0.29(my) 0.2 0.4 0.05

0.42(my)

Euk (V/cm) 3x10° 4x10° 20x10° 20x10° 20x10° 25x10°
Vs (cm/s) 6x10° 1.0x10’ 2.0x10’ 2.0x10’ 2.5x107 4.2x10’
i (cm?/Vs) 1000 8000 500 1000 135 4400
K (W/m-°C) | 150 43 490 130 285 176
“(Eokvs/m)* 1 7 282 282 441

* Johnson’s figure of merit for power-frequency performance of discrete devices
All figures of merit are normalized to silicon. K is the thermal conductivity.

The material properties of GaN, such as its large critical electric field and high electron
mobility, make it an attractive material system to fabricate devices for high power millimeter-wave
power amplifiers. Table 1-1 summarizes material parameters of III-nitrides and their related alloys

commonly used for high power and high-frequency amplifiers. The Johnson’s figure of merit
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Figure 1.6 A comparison of output power vs Freq. for different material systems [Courtesy: Brian Romanczyk]
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(JFOM), listed in Table 1-1, is commonly used to determine the suitability of a semiconductor for
high-frequency high power transistors [56].

As shown in Figure 1.6, GaN-based HEMT devices have demonstrated superior power
performance over a wide frequency range when compared to alternative device technologies. To
realize large-output power devices even at higher frequencies for sub-Terahertz application,

channels with higher electron velocity must be utilized.
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Figure 1.7: Calculated conduction band effective mass for strained and bulk (strain-free) InGaAs as a function
of InAs mole fraction Xin Courtesy: T. Matsuno et. al. [65]

One way of achieving a combination of higher electron velocity and large band-gap is using
relaxed InGaN or strained GaN on relaxed InGaN as the channel material, which provides a
reduced electron effective mass, critical in reducing electron scattering and enhancing electron
velocity [57]. There is always a trade-off between the enhanced scattering introduced by the InGaN
through alloy scattering over the binary GaN and the reduced scattering rate because of the reduced
electron effective mass. This same trade-off is played out in the relaxed AlssIns2As/In.s3Gas7As

on InP system wherein the benefits of reducing the effective mass (Figure 1.7) relative to GaAs
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overcomes the increase in alloy scattering [58]. The 2DEG mobility in an Ino>GaosN channel has
been predicted by Yarar et al. to be more than 5000 cm?/Vs at room temperature and 10,000 cm?/V's
at low temperature as calculated (Figure 1.8) [59]. Experimentally, electron mobility values as
high as 3570 ¢cm?/Vs were measured for InN films with an electron carrier density of 1.5 x 10"
cm compared to values around 600 cm?/Vs for GaN films with similar carrier densities [60].
Theoretically, it has been reported that InN can exhibit the higher peak overshoot velocity
compared to AIN, or GaN e.g., has a peak drift velocity of ~5 x 107 ¢cm / s at an electric field
strength of 32 KV / cm [57]. The highest calculated value for low field mobility of unintentionally
doped InN is ~14,000 cm?/V s at room temperature. InGaN has been explored as a HEMT channel
material [61-65], where they have reported a maximum 2DEG mobility of ~1300 cm?/V with a
sheet carrier density of ~10'* cm™. However, this is much lower than conventional 2DEG mobility
from GaN channel structures, which is typically 1000-1500 cm?V s resulting in high sheet
resistance due to either low mobility or low carrier density. This is due to the alloy disorder
scattering in InGaN and significant interface roughness scattering. To re-iterate for emphasis,
relaxation of the InGaN channel is required since an InGaN channel coherently grown on GaN
substrate does not provide an effective mass commensurate with the In mole fraction. This is
because the lattice constant and hence the Brillouin Zone and conduction band curvature of the
strained InGaN is more akin to GaN, as previously observed for strained and relaxed InGaAs
(Figure 1.7) [58]. This is where the ability to grow relaxed InGaN buffer layers would play a very

important role in enabling high-frequency devices for high power applications.
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Figure 1.8: Electron mobility in Ino2GaosN film sandwiched between two GaN layers. InGaN-2 and InGaN-1
are electron mobility calculated assuming m* = 0.04 and m* = 0.07 for InN, respectively Courtesy: Z. Yarar et.
al. [59].

1.4 Relaxed InGaN Buffer as Pseudo-substrate

Several research groups have attempted to grow relaxed InGaN buffers using different
approaches. One of these approaches is multi-step or graded InGaN films on GaN buffer layers
[51,52]. A fully relaxed Ino.1GaooN layer on the GaN layer was achieved on GaN by PAMBE
growth with a grading of 2% In incorporation increase per 100 nm containing a GaN interlayer in
every 100 nm. The GaN interlayer in every 100 nm was grown for the sustaining high-quality
InGaN layer since the temperature needs to be raised from low InGaN growth temperature to a
higher temperature helps to desorb the excess metallic In accumulated on the surface during the
growth of the previous 100 nm of InGaN. The excess In on the InGaN layer is coming from metal
rich growth condition of InGaN. However, this method is slow, since each GaN interlayer cycle
(GaN growth, temperature ramp up, temperature ramp down) takes an extra ~25 min every cycle.
To reach 20% In content in InGaN, 10 cycles of these InGaN/GaN layers will be necessary, which

will be typically ~4h of growth time. In addition, due to low InGaN growth temperature, Ga
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adatom mobility is low, resulting in low crystalline quality for the GaN interlayer. Thus, low-

quality GaN interlayer can lead to the following InGaN layer with low structural quality.
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Figure 1.9 (a) Scheme of the structure grown to achieve a relaxed Ino.iGaooN layer (b) 2x2 um? AFM image of
the surface, exhibiting spiral growth. The rms surface roughness is 0.75 nm Courtesy: K. Hestroffer et. al. [66]

So, to solve these problems related to slow process and GaN interlayer, K. Hestroffer et al.
[66] demonstrated a fully relaxed Ino.1GaooN layer by plasma-assisted molecular beam epitaxy
(MBE) on c-plane GaN using a grading technique without any GaN interlayer. This technique
consisted of two parts: (i) a graded InGaN buffer and (ii) a thick InGaN layer with constant
composition (Figure 1.9(a)). The In content in the graded InGaN buffer increased 1.8% every 100
nm. This technique could provide a quick and continuous epitaxial growth procedure due to
growing InGaN buffer near the stoichiometric region of the growth diagram. This results in a
smooth surface without accumulation of In droplets. Figure 1.9 (b) shows the 2x2 pm?> AFM
image of the relaxed InGaN sample surface after growth. The sample surface had clear spiral
hillocks, which is characteristic of step-flow growth mode associated with threading dislocation.
However, TEM (Figure 1.10) revealed that the relaxation occurred through the formation of

dislocations and defects. A high density of threading dislocations (~3x10'° cm) was observed
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from TEM, which is two orders of magnitude larger than the dislocation density of the GaN

template on sapphire substrate-
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Figure 1.10 TEM image illustrating the high density of threading dislocations that spread through the graded
InGaN buffer and the top thick Ino1GaosN layer Courtesy: K. Hestroffer et. al. [51].

Alternatively, InGaN pseudo-substrates have been fabricated via coalescence of relaxed
nano-feature arrays e.g., nano-stripes and nano-pillars [68,69]. S. Keller et. al. [68] reported a
uniaxially relaxed, coalesced InGaN growth over a nano stripe array of InGaN/GaN multi-quantum
well (MQW) by MOCVD. The MQW nano strip arrays with a height-to-width aspect ratio of 0.5
and 1 were fabricated from strained planar MQW (Figure 1.11). After the fabrication, MQW is
relaxed perpendicular to the stripe direction, resulting in a a, lattice constant perpendicular to the
strip direction where it is larger than that of the GaN base layer. They showed that a stripe aspect
ratio of 1 is required to induce elastic relaxation of the MQW stripes after (In,Ga)N growth. A
stripe aspect ratio of 0.5 plastically relaxes after the (In,Ga)N cap layer growth, which shows light

emission with lower intensity. However, the main challenges of this method is the necessity of
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multi-step lithography to make the MQW nano strip array and the relaxation is dependent on the

aspect ratio.
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Figure 1.11 Schematic process flow for nanostripe array fabrication. 1) Oz and SisNs mask layers were first
deposited via plasma-enhanced chemical vapor deposition (PECVD) onto the planar MOW samples, and then
an anti-reflective coating and photoresist were spun on. 2) Using holographic lithography, a stripe pattern was
defined. 3) After development, a series of dry etches was performed in order to transfer the stripe pattern onto
the SiO: and SizN+ mask layers. 3) An HF undercut etch was used to define the fill factor of the stripe pattern, 4)
a nickel hard mask was deposited to protect the GaN surface where the stripes would be. 5) After removal of the
Si0O: and SisNs masks, 6) a final dry etch was performed to etch the stripe pattern into the InGaN/GaN MQWs
and the nickel mask was removed Courtesy: Stacia Keller et. al. [68].
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Figure 1.12 Schematic of different steps in the Smart cut TM process Courtesy: Soitec S.A. [70]

Soitec S.A. has developed a InGaN pseudo-substrate (InGaNOS) based on their SmartCut
technology for relaxation of InGaN [70]. In this technique, the process is initiated by wafer
bonding an InGaN layer grown on GaN to a second substrate. Afterwards, the InGaN is removed
from its native substrate using the Smart Cut technology (Figure 1.12) and the InGaN layer is
patterned and annealed for relaxation. InGaNOS substrate, which has a thin relaxed InGaN layer,
can be used for IlI-nitride growth by MOCVD and MBE. However, the largest in-plane lattice
constant of the InGaN layer has been less than that of fully relaxed InGaN with an equivalent In
composition of 5%, which is relatively low.

More recently, P. Chan et al. [71] showed a highly relaxed InGaN buffer layer on a full
two-inch c-plane sapphire substrate by MOCVD by a single growth technique (Figure 1.13). 100
nm GaN decomposition stop layer (DSL) on a 3nm thick InGaN with a high In incorporation
decomposition layer (DL) was grown. The first 30nm of GaN DSL was grown at a low temperature
similar to InGaN growth temperature so that InGaN does not dissociate. Afterward, 70nm of GaN
was grown with a temperature ramp to 1000 °C to ensure higher crystal quality for the following

layer. The InGaN DL went through thermal decomposition at 1000 °C resulting in voids to relax
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the subsequent InGaN grown over the GaN DSL layer. A 200 nm Ino.04Gao.osN buffer grown on
GaN decomposition stop layer showed 85% biaxial relaxation. However, the surface morphology

was relatively poor and deep pits were observed, which may be detrimental for device fabrication.

InGaN/InGaN MQW

-

Low temp GaN 200 nm 4% InGaN 200 nm 4% InGaN

High temp GaN
_ 8 |
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(0001) Sapphire (0001) Sapphire (0001) Sapphire
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£

(0001) Sapphire (0001) Sapphire
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Figure 1.13 Growths performed in this study. (a)—(c) The growths of a relaxed InGaN pseudo-substrate and
MOW regrowth on sample A. In (a), a UID-GaN template and high-In composition InGaN DL are grown and
capped with low-temperature GaN. After this, the temperature is increased to decompose the InGaN DL, and an
InGaN buffer layer is grown (b). Finally, a MOW was regrown (c) co-loaded with sample B. (d)—(e) The reference
sample B. First, a UID-GaN template was grown on sapphire (d) and then co-loaded for MOW regrowth (e).
Subfigure (f) shows a photograph of samples A and B side by side Courtesy: P. Chan et al. [71].

Alternatively, there have been several attempts to grow InGaN on ZnO [72-75] and
ScAIMgO4 [76,77] substrates since Ino.18Gao.s2N is lattice matched to these substrates. SCAIMgO4

[76,77] substrate known as SCAM is an alternative for InGaN growth. SCAM has a rhombohedral
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crystal structure (R3m) consisting of alternating stacks of wurtzite (Mg,A1)O (0001) and rocksalt
ScO (111). The lattice parameters are a=0.3249 nm and ¢=2.5195 nm, where the latter corresponds
to the length of three formula units of (Mg,Al)O and ScO. SCAM is transparent up to 196nm,
which is essential for visible and (UV) optoelectronics. However, the high n-type conductivity of
InGaN grown on ScAIMgOs substrates has made epitaxial growth efforts on SCAM substrates
very challenging.

ZnO 1is in-plane lattice-matched with Ino1sGaos2N and has the same crystal structure
(wurtzite) as (In,Ga)N with identical stacking order. Regardless, one of the challenges in utilizing
ZnO as a substrate is inconsistency in the surface morphology due to its chemical mechanical
polishing. In Chapter 4, a substrate treatment method consisting of ozone treatment, and BHF
etching followed by high temperature annealing is described. Another challenge for using ZnO as
an alternative substrate for the growth of nitrides is Hz back etching of ZnO substrate at high
growth temperatures in MOCVD reactors [75]. Ammonia (NH3) is used as the N source during
MOCVD GaN growth, which is the main source of H> during the InGaN growth on ZnO by
MOCVD. Another common issue in InGaN growth on ZnO by MBE and MOCVD is hetero-
valency at the IlI-nitride/ZnO interface forming intermediate phases e.g., In2O3 or Ga2ZnOs. This
interfacial layer has shown poor crystalline quality and can diminish the advantage of the lattice-
matched ZnO substrates. To avoid the formation of an interfacial layer, several methods such as
AL O3 passivation of ZnO and using N as a carrier gas have been proposed for MOCVD growth.
However, the quality of surface morphology has not improved to the expected standard. In
Chapter 4, a low-temperature GaN nucleation layer by metal enhanced epitaxy (MEE) was

introduced, which can help to stop the interfacial interaction between InGaN and ZnO at high
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growth temperature. Besides, InGaN grown on ZnO substrate using two monolayers GaN by MEE
led to a sharp interface between InGaN and ZnO and strong luminescence properties.

Recently, S. S. Pasayat et al. demonstrated fully or partially relaxed micron-sized InGaN
via porosification of underlying Si doped GaN layer [78—80]. The elastic relaxation of (In,Ga)N
layer beyond the critical thickness is enabled by the low stiffness of the porous GaN:Si layer. A
buried n-type Si-doped GaN layer was embedded in unintentionally doped (UID) GaN or InGaN
as a protection layer. The GaN:Si was porosified via electrochemical (EC) etching using oxalic
acid from the sidewalls of etched mesa tiles [81,82]. This technique will be discussed in more
detail in Chapter 5.

However, most of the InGaN re-growths on porosified GaN substrates were done by
MOCVD [83-86]. Since InGaN growth by PAMBE needs lower growth temperatures than that
by MOCVD, In incorporation can be increased by growing InGaN on porous GaN by PAMBE.
Before I started my PhD, there was no study on InGaN re-growth on porous GaN by PAMBE.
Very recently, C. Wurm et. al demonstrated relaxed InGaN by growing on porosified GaN-on-
sapphire by PAMBE [87]. In collaboration with him and the team at UCSB, I studied PAMBE

growth of InGaN on porosified GaN-on-Si template, which is discussed in Chapter 5.

1.5 Molecular Beam Epitaxy

Molecular beam epitaxy and metal-organic chemical vapor deposition (MOCVD) are two
common growth techniques used for epitaxial growth of IIl-nitrides. Both of these techniques can
control the layer thickness with a resolution of monolayers.

MOCVD can give higher growth rates than that of MBE, and the maintenance of MOCVD
equipment is relatively cheaper than that for MBE. These make MOCVD a preferred method in

commercial applications and industry. Nonetheless, MBE offers a unique advantage over
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MOCVD, especially for academic research purposes. The ultrahigh vacuum (UHV) environment
(pressure of 1077 Torr) of MBE leads to less unintentional incorporation of impurities such as H,
C, and O. Additionally, the growth temperature is comparably lower in MBE compared with that
in MOCVD. This makes MBE advantageous for growth of high In-content (In,Ga)N films since
the lower growth temperature helps to incorporate more indium in the film.

An MBE system usually consists of three connected stainless-steel vacuum chambers
capable of reaching ultrahigh vacuum (UHV), including load/lock, buffer, and growth chambers.
The load/lock chamber is used to load the sample and after the pressure reaches a desired low
value, the sample will be transferred to the buffer chamber, where it will be baked to remove
residual water. After baking, the wafer is then transferred to the growth chamber, where the
epitaxial growth occurs. The growth chamber is typically held at the lowest pressure using a
combination of multiple pumps including a turbo pump, a cryo-pump, and an ion pump.
Additionally, to further help with reducing the pressure, the growth chamber is equipped with a
cryo-panel around its walls, which is filled with liquid nitrogen to absorb impurities.

In a nitride MBE, Knudsen effusion cells are typically used for Ga, In, Al, Mg, and Si
sources. This atomic flux of solid sources is simply controlled thermally and can be measured in-
situ using an ion gauge. Mechanical shutters in front of each effusion cell allow for precise control

of incorporating desired elements in the film, resulting in sharp interfaces and doping profiles.
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Figure 1.14 Schematic of a PAMBE machine, showing Knudsen effusion cells, RGA and RHEED gun and rf
plasma source for providing active N [Courtesy: Adnanotek]

The nitrogen anion must be supplied from a gas source for the growth of IlI-nitrides. Two
different sources are being used to supply active nitrogen in an MBE; radio frequency (RF) plasma
and ammonia (NH3). The former, RF-MBE, utilizes molecular nitrogen N as the anion source,
and a radio frequency plasma is required to break the strong molecular nitrogen dimer bond. This
results in a variety of metastable and excited atomic states into the plasma afterglow. These excited
atomic nitrogen species then can then bond with the metal ions. The latter, ammonia MBE (NH3-
MBE), relies upon the thermal decomposition of an ammonia molecule on the growing I1I-nitride
surface to supply nitrogen to the crystal, requiring a higher growth temperature than the PAMBE.
Figure 1.14 illustrates a schematic of PAMBE, showing Knudsen effusion cells, RF plasma source

and the substrate.
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In contrast to the other growth methods e.g., liquid phase epitaxy or MOCVD where crystal
growth happens under quasi-equilibrium condition, growth in an MBE system occurs in a non-
equilibrium process. This is usually a surface kinetic limited process. Due to the vacuum
environment, the mean free path of a particle from the cells in the chamber is an order of magnitude
larger than the distance between the crucibles and the sample holder. This leads to atoms or
molecules not interacting with each other in the chamber until they reach the sample surface. This
is the essence of MBE growth, leading to the growth of metastable materials, which cannot be
synthesized by other methods due to thermodynamic stability.

The crystal growth on the substrate surface happens through a few elementary steps. In the
most common cases, the steps are: 1) trapping of arriving atoms on physisorption states on the
sample surface known as adsorption, ii) diffusion of adatoms on the sample surface, iii) desorption
of adatoms from the physisorption states into the vacuum system, and iv) chemical bonding

between adatoms leading to crystal lattice sites (chemibsorption).

1.6 Synopsis of the Thesis

The objective of this dissertation is studying the growth and characterization of relaxed
(In,Ga)N using PAMBE. In the process of developing relaxed InGaN films on GaN template, self-
assembled superlattice (SASL) structures consisting of InxGa1.xN/InyGa1.yN were observed. This
accidental discovery motivated me to further investigate the impact of growth conditions and
polarity on the spontaneous formation of such superlattice structure. These results are discussed in
Chapter 2 and Chapter 3. I then studied growth of InGaN on ZnO to (i) examine the impact of
strain on the formation of SASL structures and (ii) develop relaxed Ing>GaosN since ZnO is in-
plane lattice matched InGaN film with 20% In content. For this purpose, first, a technology to

achieve a smooth surface with the desired surface morphology for both Zn-face and O-face ZnO
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was developed. Additionally, I developed a low temperature growth technique for growth of GaN
and InN to suppress formation of interfacial interlayer. I showed that low temperature GaN
interlayer helped to improve the structural quality of InGaN films grown on ZnO, The results of
this part of my project are discussed in Chapter 4. The density of threading dislocations remained
relatively high in InGaN films grown on ZnO, which is not desired for fabrication of electronic
and optoelectronic devices. Therefore, as an alternative, I investigated growth of relaxed InGaN
on porousified GaN, which is presented in Chapter 5. As a side project, I also looked into
selective area growth of nanowires on N-polar GaN template, which can be used as an alternative
method for growth of high In-content InGaN as well as high Al-content AlGaN films on GaN

templates. This work is discussed in chapter 6.
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Chapter 2 Self-assembled Superlattice in Ga-polar InGaN Grown by Molecular Beam
Epitaxy

2.1 Introduction

The InGaN alloy system, due to its direct bandgap, is attractive for a variety of
optoelectronic applications, including laser diodes (LDs) [88-90], light-emitting diodes (LEDs)
[32,91,92], solar cells [93-96], and photo-detectors [97,98]. Its direct bandgap can be tuned within
a large range (0.7-3.4 eV) by changing In content in InGaN, which can cover the full solar
spectrum. Increasing absorption in solar cells covering the full solar spectrum has gained immense
attention in the scientific community for high efficiency photovoltaic applications [99].
Additionally, InGaN has high absorption coefficient (10°), high thermal/chemical stability, and
better radiation hardness, which make it a perfect candidate for space and terrestrial applications
[99-101]. For achieving efficient absorption in solar cells from the incident light, the thickness of
the active InGaN layer should be thicker than at least 300 nm with an average 10% In content.
InGaN films can be grown pseudo-morphically on GaN below a critical thickness, which reduces
sharply as the InN mole fraction in InGaN increases due to 11% lattice mismatch between InN and
GaN. As the thickness increases beyond the critical thickness, InGaN film relaxes by formation of
defects and dislocations to relieve the strain. Depending on the growth technique and growth
conditions (e.g., growth temperature), the relaxation may occur through different mechanisms,
such as the formation of V-defects [102—105], threading dislocations [106], pyramidal slip through

the Matthews-Blakeslee mechanism [107,108], and basal slip of misfit dislocation [109,110].
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2.1.1 Critical Thickness of InGaN
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Figure 2.1 Critical thickness versus InGaN composition: gray shadow indicates theoretical predictions for Rc = b/2
and angle o varied from 15° to 25° symbols are the experimental data from different papers Courtesy: A. V.
Lobanova et al. [112].

In 2007, D. Holec et al. [19,111] calculated critical thickness for InGaN/GaN system using
the energy balance model with consideration of the proper hexagonal symmetry of wurtzite
(InGa)N materials. Recently, A. V. Lobanova et al. [112] claimed the stress relaxation of
InGaN/GaN layers occurs by V-shaped edge type dislocation half-loops (HLs) formation. They
reported that 1) the half loops were first produced in the growth surface and propagated to the
InGaN/GaN interface confirmed by transmission electron microscopy (TEM), ii) they result in
stress relaxation confirmed by Xray diffraction reciprocal space mapping (XRD-RSM). They also
explained the stress relaxation by formation of misfit dislocation (MD) in the interface similar to
D. Holec et al. [19,111]. This mechanism can result in non-zero resolved normal stress to give the

climb of the HLs in the m-plane of the wurtzite crystal. The climb needs consumption of point
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defects that can propagate from the growth surface and the stress relaxation is expected to be
intensified by InGaN low growth temperature. Figure 2.1 shows theoretical prediction by A. V.
Lobanova et al. [112] of critical thickness versus InGaN composition with experimental results by
different research groups. These models [19,111,112] considered that misfit dislocation generates
when the force because of misfit stress is equal to the dislocation line tension. This is called force

balance model. However, Fischer et al. [113] suggested the Peierl’s force should be added since
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Figure 2.2 Critical thickness vs. indium content x for the InxGai/GaN system using various models. The critical
thickness of one lattice period c (horizontal dotted line) happens at x~0.55 Courtesy: Fischer et al. [113]

the growth temperature and threading dislocation density is low for InGaN growth with high In
content.

Figure 2.2 compares critical thickness with different In content for InGaN/GaN system
using various models by different research groups. Fischer et al. [113] observation is also
consistent with the experimental values of critical thickness for dislocation generation for epitaxy

of InGaN on GaN (0001). They took into account the bulk material parameter and reasoned that,
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due to the large lattice mismatch, the material is unstable until a sufficient number of atoms are
available for the material to acquire its own identity, where it crystalizes with its own lattice
parameter and misfit dislocation appear spontaneously. This can happen when the critical thickness
for plastic relaxation is of the order of a few monolayers, with a periodic network of misfit
dislocations. For such thin films, consideration of dislocation glide on the crystal plane is not
necessary. The subsequent growth after relaxation then happened under relaxed conditions, leading

to a low defect density.

2.1.2 Self-assembled Superlattice Structures

The superlattice (SL) structure of Ill-nitrides (InGaN/GaN) can be used to tune electrical and
optical properties. The SL structure can result in periodic potential in their growth direction due to
their periodicity, which are different from their consisting layers. SL can be obtained naturally or
from self-assembly. Self-assembled or natural SL can be formed by either phase separation or
atomic ordering [114,115]. The unique properties of SL can be used in optoelectronic devices e.g,
solar cells[116—119]. One approach for both increasing the efficiency of concentrator PV cells and
improving the efficiency with temperature is utilizing multi-quantum wells or SL. Quantum well
or SL can increase the cell absorption at photon energies below the bulk host material bandgap.
Therefore, it can increase the current to a degree that is more than compensation from any
associated voltage loss. It has been reported SLs based solar cells can achieve greater carrier
lifetimes and better carrier absorption. SLs can be valuable in the sub-cell based multi-junction
solar cells because their bandgap can be engineered to optimum values. SASL can be useful to
grow lattice matched SLs to the substrate and to avoid grain formation resulting in better crystal

quality as well as PV performance.
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SASL structures formed by chemical ordering have been widely reported in ternary and
quaternary conventional III-V semiconductors [115,120], and have been also observed in AIGaN
and InGaN [121-123]. Northrup et al [124,125] proposed that chemical ordering observed in
InGaN alloys is because In atoms preferably incorporate at step edges ((1011) micro facets) during
growth on Ga-polar or N-polar surfaces. While most of the reported SASL structures are formed
by chemical ordering [122,126], there have been only a few reports on the formation of SASL
structure by phase separation [114,115] on III-V alloys whose compositions lay within the

miscibility gap at the growth temperature.

(a)

Figure 2.3 Bright-field cross-sectional TEM images of the Ino.iGaosN films grown at growth rates of (a) 1.0 A/s
and (b) 3.6 A/s, taken along the [1120] projection with g=[1100]. (c) Magnified TEM image for the Ino.1GaosN
film grown at 3.6 A/s, showing the formation of periodic SL structure. (d) High resolution TEM image for the SL
structure Courtesy: Z H Wu et al. [127]
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In 2011, it was shown [127] that using a high growth rate (~1.3 pm/hr) in PAMBE can
enhance the structural quality of 350 nm-thick InGaN films with an average 10% In content
compared with those grown using a conventional growth rate (~360 nm/hr). In this study, a self-
assembled superlattice (SASL) structure was observed only in the faster-grown sample. Figure
2.3 (a) and (b) shows the low magnification cross sectional TEM images of the Ino.1GaooN films
grown with growth rate of 1.0 and 3.6 A/s, respectively, taken along the the [1120] projection
with g=[1100]. The superior structural quality of the fast-grown sample was attributed to the
surface roughness suppression caused by kinetic limitation and the inhibition of the Frank—Read
dislocation generation mechanism within the spontaneously formed SL structure. Frank-Read
dislocation cannot be generated within the SL structure since the dislocation HLs, which are
formed at the surface cannot cross from one layer in SL to another. The InGaN grown with lower
growth rate of ~360nm/hr had higher surface roughness, which resulted in a high local stress. The
local stress points can decrease the barrier energy for formation of dislocations, leading to an
increase in dislocation density. Figure 2.3 (¢) shows the magnified TEM images around
InGaN/GaN interface region of the film grown with 3.6 A/s. A self-assembled superlattice
structure with a 3.2 nm period was formed in the entire InGaN film independent of the position
and location of threading dislocations. However, no SASL was observed in the films grown with
lower growth rate (1 A/s). Figure 2.3 (d) shows a high-resolution TEM image for a typical ordered
region with sharp and abrupt interface between InGaN barrier and well layers. The SASL structure
observed in this work was composed of 2 monolayers and 4 monolayers of InGaN films with

different In contents. However, the In content in each layer was not determined.
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Figure 2.4 (a) HAADF-STEM image of graded MQOW-like structures from the squared area in (f). (b)—(d)
Corresponding EDS mapping of In, Ga, and In+Ga mixture. (e) EDS line scan profiles recorded from MQOW-like
structures. The inset shows the HAADF-STEM image of the MOW:s (f) HAADF-STEM image of the graded In:Gai-
«N Courtesy: Zheng et al. [128]

Zheng et al. [128] observed composition modulation in a graded InGaN film grown by
MBE by changing growth temperature and metal fluxes. Figure 2.4 (f) shows periodic structure
observed in initial region of the InxGaixN film. The interfaces of the InGaN MQWs showed clear
and sharp interfaces near the initial stage of the growth and became blurry with the increase in
thickness. High magnification HAADF-STEM and EDS were recorded in the white square portion.
Figure 2.4 (a) shows the high magnification HAADF-STEM image of graded MQWs and
confirms the In composition modulation and periodicity. Figure 2.4 (a)-(d), shows alternating In
composition of InGaN, and EDS line scan shows the In incorporation in the InGaN well and barrier
is about 0.18 and 0.03, respectively. Subsequently, In composition shows a gradual increase along
the growth direction in both the wells and barriers.

However, the In modulation in this work was irregular, weakened as the thickness

increased beyond 100 nm and eventually vanished. The reason for formation of SL structure can
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be attributed to the release of strain coming from lattice mismatch between InN and GaN (~11%).
Strain relaxation can be associated with the generation of dislocations, 3D growth, formation of
self-assembled superlattice structures and so on.

To the best of our knowledge, there is no other report on the observation of SASL structures
in InGaN films. In this work, in contrast, 700 nm-thick nominal “InGaN” film composed of a
spontaneously formed superlattice (SL) structure made of 3nm-thick Ino.>GaosN/3nm-thick GaN
layers was reported. This allowed to grow 700 nm-thick InGaN with an average InN mole fraction
of ~8% with excellent structural quality. Using similar growth conditions, “InGaN” was also
grown on a ZnO substrate, which is in-plane lattice-matched to Ino2Gao sN. The nominal “InGaN”
films grown on GaN and ZnO were structurally characterized to investigate the impact of strain
on the formation of self-assembled superlattice (SASL) structure. It is proposed that the vertical
phase separation observed in the SASL structure is caused by high-temperature growth and

intensified by strain.
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2.2 Observation of Self-assembled InGaN/GaN Superlattices in Nominal “InGaN” Films on

Ga-polar GaN Template

2.2.1 Experimental Details

Epitaxial Growth

All samples were grown in a Veeco GENxplor MBE system equipped with conventional
Al Ga, and In effusion cells and a radio-frequency (RF) plasma source to supply active nitrogen.
The N source consisted of ultrahigh-purity (99.9995%) N: gas flowing at 1 SCCM through the
RF-plasma source with 350 W RF power, which corresponded to a growth rate of 6 nm/min for
metal-rich GaN layers. To ensure uniform temperature during the growth, 500 nm- thick Ti was
deposited on the backside of the substrate via e-beam evaporation. The substrates were first solvent
cleaned (acetone, methanol, and isopropanol for 4 min each) to remove organic residues from the
surface, and then mounted on a Si substrate by In-bonding before being loaded in the MBE exit-
entry chamber. An hour of baking was performed at 400 °C in a buffer chamber to remove any
water prior to transferring the substrate to the growth chamber. During the growth, the substrate
temperature was measured and monitored using a thermocouple. The growth was monitored in
situ via Reflection high-energy electron diffraction (RHEED).

1 cm x lem Ga-polar GaN-on-sapphire templates were used. The growth was initiated with
a 200 nm thick GaN in metal-rich growth regime at 730 °C using a Ga beam equivalent pressure
(BEP) of 3.8x1077 Torr to ensure a smooth and clean surface. The excess Ga was desorbed every
20 min by closing the Ga shutter while keeping the nitrogen shutter open for 40s [67,129] The
substrate temperature was then reduced to 600 °C, and growth was interrupted for 15 min to
stabilize the substrate temperature. A 700 nm-thick InGaN film was then grown on sample A in

In-rich growth regime using Ga and In fluxes of 3x10”7 Torr and 1.7x10”7 Torr, respectively. It is
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worth noting that several InGaN samples were first grown to optimize In and Ga fluxes to achieve

smooth surface morphology prior to the growth of samples discussed here.

Structural Characterization

A Bruker NanoMan atomic force microscope (AFM) was employed to characterize the
surface morphology of the samples. High-resolution x-ray diffraction (HRXRD) ®»-26 scans and
(0-20)-0 reciprocal space maps (RSM) were recorded on a triple-axis Philips X’pertPro
Panalytical Pixel 3D materials research diffractometer. Cross-sectional specimens for transmission
electron microscopy (TEM) study were prepared by in-situ focused ion beam (FIB) lift-out
methods using a Thermo-Fisher G4 650 Xe Plasma-FIB (P-FIB). Utilizing a Xe plasma ion source
instead of a regular Ga source prevents redistribution of Ga atoms or change of Ga concentration
in InGaN films. For final thinning, a 5 keV energy and 10pA current beam were used. Needle-like
cross-sectional specimen for atom probe tomography (APT) were also made using the same P-
FIB. A JEOL JEM-3100R05 electron microscope with a cold-field emission gun equipped with
both a probe and an imaging corrector was used for atom-resolved imaging that was operated in
scanning transmission electron microscopy (STEM) mode. Both high-angle annular dark-field

(HAADF) and bright-field images were taken simultaneously.

Optical Characterization

The lateral composition uniformity of InGaN was characterized by employing a steady
state and time resolved photoluminescence (PL) spectroscopy setup. The samples were excited
with a diffraction-limited spot using 405 nm pulsed laser (~30 ps pulse width, 40 MHz repetition
rate) at room temperature using 60X 0.95 NA dry objective (NIKON CFI PLAN APO A 60X /
0.95). For steady state photoluminescence (PL) the sample emission was analyzed using a high-

resolution spectrometer (Princeton Instruments IsoPlane SCT 320) coupled to a highly sensitive
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CCD camera (Princeton Instruments Pixis: 400). The slit-width at the spectrometer entrance was
kept at 250 pum with the spectrometer integration time set to 1.0 second. The PL scans were
performed by keeping the laser excitation spot at a fixed position and scanning the sample on a
piezo-nano-positioner stage in ~200 nm steps. For time resolved photoluminescence (TRPL)
measurement, the sample emission was collected using a highly sensitive avalanche photodiode
(APD) (MPD PDM series). The output of the APD was analyzed with a timing module (PicoQuant

HydraHarp 400) synchronized to the laser diode module.

2.2.2 Results and Discussions

Sample A

50T
Figure 2.5 2x2 um2 AFM image of samples A and B showing RMS roughness of ~3nm and 4.45nm, respectively.

AFM image of sample A is shown in Figure 2.5. A relatively smooth surface (for such

thick InGaN films) with root-mean-square (RMS) roughness of ~3 nm was measured on sample

A. The surface shows the density of spiral hillocks, which are associated with mixed (edge and

screw) and screw threading dislocations [130].
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Figure 2.6 Bright field scanning transmission electron microscopy (STEM) images showing (a) edge type (a-
type), (b) screw type (c-type) and mixed (c+a type) dislocation.

Figure 2.6 shows weak beam dark field (WBDF) TEM images of this sample Near <
2110 > zone axis under two-beam condition. Figure 2.6 (a) was recorded using g = 0110 in
which only a-type dislocations are visible, while Figure 2.6 (b) was recorded using g = 0002 in
which only c-type or mixed with c-type component dislocations are visible. These images suggest
that threading dislocations observed in the InGaN layer are propagated from the underlying GaN

film and new threading or misfit dislocations did not generate in the InGaN layer.
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Figure 2.7 STEM-HAADF image of sample A (b) showing SASL structure (c) magnified STEM-HAADF image of
sample A near the interface with GaN showing three distinctive regions of (i) InGaN film (ii) GaN layer (iii) layer
with a superlattice structure. (d) In and Ga concentration profiles measured by APT showing a periodic variation
of In content from 0% to 20%.

A superlattice structure on the nominal “InGaN” film grown on sample A is evident from
STEM-HAADF images shown in Figure 2.7(a)-(¢). Three distinctive layers can be observed from
the high-resolution STEM image taken from the region close to the GaN-“InGaN” interface
(Figure 2.7 (¢)): (i) a 10 nm-thick InGaN layer followed by (ii) a ~17 nm-thick GaN layer,
followed by (iii) a superlattice structure for the remaining of the growth. It is important to
emphasize that all shutters were kept open, and fluxes were not changed during the 2 hours growth
of the “InGaN” film. No fluctuations in the Ga/In effusion cells and substrate temperatures was
observed. The substrate temperature was monitored during the growth using a thermocouple.
Additionally, the interface abruptness observed from STEM-HAADF images from this sample
rules out temperature fluctuations as the cause for the formation of the SL structure. This means
that the formation of the superlattice structure by In composition modulation is via a self-
assembling process. Figure 2.7 (a) also reveals that the self-assembled superlattice (SASL)

structure has a high structural quality with no newly generated dislocations or structural defects in
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this layer. STEM-HAADF image was also recorded over a larger area, which showed a sharp
interface and InGaN/GaN SL structure with high structural quality as well (Figure 2.8). To
quantify In-content in the SL structure observed on sample A, APT was performed and In, Ga, N
concentrations were recorded and are demonstrated in Figure 2.7 (d). A periodic variation in In

content from 0% to 20% was determined by APT.

Figure 2.8 STEM-HAADF image of sample A over a large area showing similar sharp GaN and InGaN
interface and a superlattice structure with high structural quality
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Figure 2.9 (a) XRD w-26 scan around GaN (0002) reflection and (b) XRD-RSM scan around GaN (114) reflection
recorded on sample A.

XRD ®-26 scan around GaN (0002) reflection was recorded on sample A and is shown in
Figure 2.9 (a). The AIN peak observed in the XRD ®-26 scan of sample A corresponds to the AIN
nucleation layer in the GaN-on-sapphire template purchased commercially. XRD ®-20 scan of the
template shows similar AIN peak. The In peak is due to excess In accumulated on the surface,
which has been commonly observed on InGaN films grown in In-rich regime by PAMBE [50].
XRD ®-20 profile of sample A suggests a graded InGaN film with the layer peak corresponding
to an InGaN film with an average In content of ~8%. It is important to note that only the average
In content can be determined from the XRD measurement. Therefore, a “graded composition”
observed in the XRD ®-20 scan could be due to an increase in In content, an increase in the
thickness of InGaN well, or a decrease in the thickness of the GaN barrier. As an example, the red
profile shown in Figure 2.9 (a) was simulated assuming a 3nm-thick InGaN/3nm-thick GaN

superlattice with In content in the InGaN layer increasing from 2% to 18%, which matches closely

42



with the experimental data and is consistent with the InN mole fraction measured by APT on the
top 160 nm of the SL.

XRD-RSM scan around GaN (114) reflection was also recorded on sample A and is shown
in Figure 2.9 (b). The RSM data indicates that the 700nm-thick InGaN film with an average 8%
In content is only 12% relaxed. This is three times thicker than the critical thickness of
Ino.0sGao.92N, so a significantly higher amount of relaxation through defect formation is expected
[19,20,131]. This suggests that the formation of a self-assembled InGaN/GaN superlattice
structure helps in managing the strain due to large lattice-mismatch between InGaN and GaN, and
consequently leads to an enhancement in the critical thickness of InGaN film grown on GaN. Slight
relaxation could be due to an increase in the height of hillocks as the InGaN thickness increases
during the growth and therefore local elastic relaxation due to a 3D morphology can occur similar
to what happens in nanowires [132,133]. The lateral widening of the RSM (Figure 2.9 (b)) can
be related to different In incorporation on the facets of hillocks compared with that on the c-plane

or asymmetric strain relaxation similar to that observed in nanowire [133].
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Figure 2.10 SAED pattern taken from sample A along [0001] direction

If the formation of SASL structures presented here was due to ordering, one would expect
to see extra diffraction spots or strike lines in the selected area electron diffraction (SAED) pattern
[134,135]. However, the SAED pattern recorded on sample A (Figure 2.10) has only very sharp
ordered diffraction spots from the crystal, suggesting that InGaN layers in the SASL structure are
not ordered. These results also indicate that the SASL structure presented here forms only in InGaN
films grown at higher temperatures. For instance, the SASL was absent in the InGaN film grown
at 560 °C (Figure 2.11). This observation suggests that the formation of the SASL structure may
be due to vertical phase separation at higher growth temperatures.

Therefore, the formation of SASL structure is a natural way for the system to manage the
strain. Consequently, 700 nm-thick InGaN film with an average In content of 8% and high
structural quality can be grown on GaN, which is several times larger than the critical thickness of

Ino.0sGao.92N.
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Figure 2.11 STEM-HAADF image of Ino.2sGao.o7sN film grown on GaN at 560 °C.

It is important to note that what is reported in this work is different from self-assembled
superlattice structures formed by chemical ordering that has been previously reported in AlGaN
and InGaN films [121,123,136] and was attributed to In atoms’ preference to incorporate at step
edges ((1011) micro-facets) during growth on Ga-polar or N-polar surfaces [124,125]. In this
work, superlattice structures consist of InxGaixN and InyGaiyN layers repeated periodically. One
explanation is that the spontaneous formation of SL is due to spinodal decomposition of InGaN,
which involves the formation of step bunches with alternating composition and thickness during
the step flow growth by MBE as theoretically predicted by J. Tersoff [137] as a method for the
system to lower its free energy nearly to its equilibrium value. His analysis suggested that the
bunch size is controlled by a competition between thermodynamics and kinetics. Formation of
SASL structure has been also reported on Ga-polar InGaN films grown on GaN by PAMBE [127].
In that study, the formation of the SASL structure was attributed to a high growth rate (~1.3 pm/hr).
Moreover, SASL structures have been previously reported on Ga-polar InGaAIN quaternary alloys

[120]. According to the explanation described by N. A. El-Masry et al. [120], InGaN SASL
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formation is due to the formation of the excess metal melt, because of metal-rich growth condition,
resulting in low In content region and the dilution of the metal melt resulting in high In content
region. G. Grenet et al. [138] claimed the observed composition modulation happens as the result
of an equilibrium between: (i) a decrease in an intrinsic alloy strain energy with a phase separation,
(i1) the introduction of an extrinsic alloy strain energy by the mismatch between alloy phases and
substrate, and (iii) a surface roughening leading to an increase in the surface energy but allowing
both an intrinsic and extrinsic strain relaxation via step edges. However, further studies are
required to understand the impact of In content, In/Ga fluxes, growth regime (metal-rich vs N-

rich), and the miscut angle on the formation and periodicity of the SASL structures.
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2.3 Impact of Strain on the Formation of Self-assembled (In,Ga)N Superlattice Structures

To study the impact of strain, ~1 pm-thick InGaN films with In content of ~20% and ~26%

were grown at 600 °C and 580 °C, respectively, on ZnO.

2.3.1 Experimental Details

Commercial O-face ZnO (0001) substrates of size 10 x 10 mm? grown by the hydrothermal
method were used. A UV ozone treatment followed by annealing of the substrate at 1050 °C was
performed on ZnO substrates to obtain atomically smooth surface morphology with step edges.
The details of substrate pretreatment [139] are discussed in Chapter 4. The growth of samples B
and C was initiated with the growth of ~2 ML-thick low-temperature GaN at 440 °C by metal-
enhanced epitaxy (MEE) to suppress chemical reaction between In/Ga adatoms and the ZnO
substrate as well as formation of a poor-quality interfacial oxide layer. More details about this
[139] is also discussed in Chapter 4 . The substrate temperature was then increased to 600 °C
(sample B) and 580 °C (sample C), and growth was interrupted for 15 min to ensure the substrate
temperature was stabilized. 1um-thick InGaN was subsequently grown using In and Ga fluxes

similar to those used for sample A, which was discussed in Section 2.2

47



2.3.2 Results & Discussions

10.0 nm
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Figure 2.12 2x2 um® AFM image of samples A and B showing RMS roughness of ~ 4.5nm and 2.6 nm, respectively.

AFM images of samples B and C are shown in Figure 2.12. A relatively smooth surface
(for such thick ~1pm InGaN films) with root-mean-square (RMS) roughness of 4.5 and 2.6 nm
were measured on sample A and B, respectively. However, the density of spiral hillocks, which
are associated with mixed (edge and screw) and screw threading dislocations [130], increased
significantly on InGaN film grown on ZnO, indicating an increase in the threading dislocation
density (TDD). A higher TDD in both samples B and C could be due to formation of a low-quality
interfacial layer due to chemical reaction between In or Ga atoms with ZnO. As mentioned earlier,
the growth of sample B was initiated with the growth of ~2 ML-thick low-temperature GaN at 440
°C by MEE to suppress this chemical reaction. However, 2ML GaN may not be thick enough to
fully cover the ZnO surface, leading to regions with poor quality interfacial layer and consequently

a high density of threading dislocations. These will be discussed in detail in Chapter 4.
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To study the impact of strain, the STEM-HAADF was also recorded on sample B (Figure
2.13 (a)) and revealed a SASL structure on the nominal InGaN film grown on ZnO. However,
there is significantly less compositional modulation between the layers of SASL structure formed
on “InGaN” film grown on ZnO (sample B) compared with that grown on GaN (sample A
described in section 2.2.2). The superlattice peaks are also visible in the HRXRD ®-26 scan on
sample B shown in Figure 2.13 (b). Simulations conducted using Epitaxy and Smoothfit software
revealed a good fit between the HRXRD ®-26 profile with Ino.19Gao.s1N (3 nm)/Ing23Gaos7N (3
nm) superlattice structures, which is also consistent with the small compositional modulation

observed in STEM image (Figure 2.13 (a)).
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Figure 2.13 (a) STEM-HAADF image of “InGaN" film grown on ZnO (b) HRXRD w-20 scans of InGaN on ZnO
substrate around ZnO (0002) reflection showing Inoi19GaosiN (3 nm)/Ino23Gaos7N (3 nm) superlattice (SL),
respectively.

It is worth noting that although SASL structure can be observed on both sample A and B
from STEM images, the In content modulation in sample A ranges from 0% to 20%, whereas there
is only a small variation (19% to 23%) in the In content of SASL structure grown on ZnO (sample

B and sample C described below). While there is ~2.2% lattice mismatch between Ing2GaosN and
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GaN, Ino2GaosN is in-plane lattice-matched to ZnO. This indicates that the compressive strain
built up in the InGaN film grown on GaN intensifies the vertical phase separation, and the

formation of SASL structure is a natural way for the system to manage the strain.
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Figure 2.14: HRXRD w-20 scans of InGaN on ZnO substrate around ZnO (0002) for sample B, grown at 600 °C
(red) and sample C, 580 °C (blue), reflection showing Ino.19Gao.siN (3 nm)/Ino23Gao.s7N (3 nm) and Ino26Gao.s4N (3
nm)/Ino.2sGaos2N (3 nm) superlattice (SL), respectively. The darker and lighter shades show experimental and
simulated results, respectively.

To study the impact of temperature on formation of SASL during growth of InGaN on
Zn0O, HRXRD ®-26 scans were carried out on both of the samples. The HRXRD »-260 scans shown
in Figure 2.14 revealed superlattice peaks on both samples B and C similar to Ino.18Gao.s2N/GaN
SASL observed on GaN template. As mentioned earlier, Ga, In, and N shutters were kept open
during the growth of both InGaN film, and growth of a superlattice structure was not intentional.
Simulations conducted using Epitaxy and Smoothfit software revealed a good fit between the
HRXRD ®-26 scans on samples B and sample C with Ino.19Gaos1N (3 nm)/Ing23Gag.s7N (3 nm)
and Inp26Gao 84N(3 nm)/Ing28Gao s2N (3 nm) superlattice structures, respectively. This confirmed
In modulation decreased from 4% to 2% by decreasing the growth temperature, and high

temperature is necessary for spinodal decomposition, which is important in the formation of SASL
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to allow adatom diffusion. Lower In modulation in InGaN films grown on ZnO indicates that, in
addition to the growth conditions (e.g., temperature), the strain may play a role in determining the
periodicity of the superlattice structures.

Noteworthy, S. Yu Karpov et al. [140] claimed for InxGai.xN layers grown beyond the
critical thickness, the relaxation begins but some residual strain in the epitaxial layer starts to be
built in. This residual strain can be the origin of elevated stability of ternary compounds observed
experimentally since the elastic strain is predicted to lower the critical temperature from 1135°C
down to 735°C. Therefore, it is expected to observe spinodal decomposition, which can take place
by suppressing phase separation. Compositional modulation in ternary alloys can occur when a
high surface diffusion rate initiates the surface separation during growth [141-144]. Compositional
modulation depends on growth temperature, growth rate, and surface roughness. Besides, they
reported that high lattice mismatch could result in a rougher surface, which is enough to ensure

partial elastic relaxation and to allow spinodal-like decomposition at the grown surface.
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Figure 2.15 Photoluminescence (PL) intensity map of SASL structures grown on (a) GaN and (b) ZnO and
Histogram plot of PL mapping of SASL structures grown on (c) GaN and (d) ZnO. (e) Time-resolved PL of the
SASL structures grown on GaN and ZnO.

20x20 pm? PL maps were measured on the SASL structures grown on GaN (sample A)
and ZnO (sample B) and are presented in Figure 2.15 (a) and (b) along with the histograms of PL
centroid (Figure 2.15 (c¢) and (d)). The histogram shows the normalized number of events (pixels)
at a specific wavelength. The scale on PL maps is varied to illustrate the lateral wavelength
variation in each sample more clearly. Both samples are relatively uniform. The centroid histogram
can be fitted with a unimodal bell-shaped distribution with the center wavelength and variance of
460 nm and 8.2 nm for sample A and 456 nm and 3.2 nm for sample B. A slight lateral variation
in the peak wavelength is due to lateral fluctuations in the InGaN composition [145-149].
Additionally, as shown by Takeguchi et. al. [147] in InGaN/GaN quantum wells, the band structure
of the quantum well changes not only by quantum dot effects but also by the additional modulation
of the internal polarization electric field. However, the polarization field in
Inp.19Gap 81N/Inp.23Gao.77N quantum wells grown on ZnO is expected to be significantly smaller

than the polarization field in Ino2GaosN/GaN quantum wells grown coherently strained to GaN.
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Therefore, the wavelength broadening due to fluctuations in the internal electric field is expected
to be significantly less in quantum wells grown on ZnO. Figure 2.15 (e) shows time-resolved PL
measurements on SASL grown on GaN and on ZnO. A slightly larger carrier lifetime was
measured on SASL grown on GaN, which is most probably due to a lower density of threading
dislocations on this sample as revealed by AFM image [150] (Figure 2.12). Besides, the internal
polarization electric field in SL resulting from QW width and In incorporation can affect the carrier
lifetime [151,152]. Polarization field in Ino.2GaosN/GaN SL strained to GaN is higher than that in
Ino.19Gao.81N/Inp.23Gao.77N SL grown on ZnO, which can also lead to a higher carrier lifetime in

sample A.

2.4 Summary

In summary, spontaneous formation of Ino.2GaosN/GaN superlattice structure on nominal
InGaN film grown on GaN by PAMBE observed. We studied the impact of strain on the
superlattice formation by growing InGaN on ZnO using similar growth conditions. The self-
assembled superlattice grown on ZnO showed less modulation in the In incorporation.
Additionally, InGaN films grown at lower temperatures (e.g., 560 °C) did not show any
superlattice structure. These observations suggest that the self-assembled superlattice structure
may be due to vertical phase separation of InGaN caused by high temperature growth and

intensified by strain.
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Chapter 3 Self-assembled Superlattice Structure in N-polar InGaN by Plasma-assisted
Molecular Beam Epitaxy

3.1 Introduction

Due to the lack of inversion symmetry in wurtzite III-nitride materials, [II-nitrides can be
of Ga-polar (0001) and N-polar GaN (0001). The polarization direction in N-polar nitrides is
opposite of that in Ga-polar nitrides, which leads to an opposite polarization-induced electric field
in N-polar heterostructures compared with that in Ga-polar heterostructures. Additionally, N-polar
surface is more chemically reactive, and growth dynamics on this plane are very different from
that on Ga-polar. Today, commercially available GaN-based devices including light-emitting
diodes (LEDs) [32,35,153], laser diodes (LDs) [89,90], and high-electron-mobility-transistors
(HEMTs) [154-156] are predominantly fabricated on Ga-polar GaN. However, as will be
discussed in the next two subsections N-polarity can be potentially advantageous for some

electronic and optoelectronic devices.
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3.1.1 Advantage of N-polarity for Electronics Applications
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Figure 3.1 Equilibrium band diagram of generic Ga-polar (0001) (left) and N-polar (0001) (right)
heterostructures Courtesy: M H Wong et al. [157]

The opposite polarization-induced field in N-polar heterostructures leads to a different
band diagram [157]. Therefore, for example, in a N-polar HEMT structure, a 2DEG is formed
above instead of below the wide-bandgap barrier material (Figure 3.1). N-polar GaN HEMTs can
give scaling advantages over the existing Ga-polar GaN HEMTs for several reasons. First, due to
opposite polarization direction and 2DEG above barrier layer e.g., AlGaN in
AlGaN(barrier)/GaN(channel) HEMT, the barrier can be used as in-situ back barrier for electron
confinement. The strong in-situ back barrier helps to reduce short-channel effects. The in-situ back
barrier can also help to improve electron confinement in N-polar HEMTs. These led to an
improvement in off-state pinch-off characteristics and reduced on-state output conductance.

The N-polar HEMTs can have contact through the channel layer with lower bandgap
instead of barrier layer with a wider bandgap [157,158]. Moreover, this can decrease the barrier
height for electrons rather than barrier layer with higher bandgap. By solving these issues for Ga-

polar HEMTs, N-polar HEMTs can solve the high contact resistance issue in Ga-polar HEMTs.
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Finally, N-polar GaN HEMTs can improve the scalability of GaN HEMTs by decreasing the gate
length and maintaining a high aspect ratio, which requires decreasing gate-channel separation.
Besides, N-polar HEMT’s 2DEG forms between the gate metal and GaN/(Al,Ga)N
heterointerface, and the displacement of the 2DEG in N-polar HEMT decreases the effective gate-
channel distance. This showed a completely opposite effect than that of Ga-polar HEMTs. Recent
results from the University of California Santa Barbara showed that N-polar GaN HEMTs can

provide remarkably superior performance in W-band [159-162].

3.1.2 Advantage of N-polar for Optoelectronics Applications
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Figure 3.2 (a) Computer energy band diagrams of a typical MOW device with both polarities (b) state of the
intrinsic (including spontaneous and piezoelectric polarization) and bias induced electric fields in the QWs of a
typical device in both polarities Courtesy: F Akyol et al. [163]

N-polar InGaN has several advantages over its Ga-polar counterparts due to opposite
polarity that makes it attractive for high In composition InGaN growth. Along with electronic
applications, optoelectronic applications could also potentially benefit from using the N-polar
InGaN due to high crystal quality and optical properties [163]. As a reminder, the direction of

spontaneous and piezoelectric polarization of N-polar is opposite from those of Ga-polar, which
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can be beneficial for LED applications. Figure 3.2 (a) shows energy band diagrams of N- and
Ga-polar typical InGaN/GaN MQW heterostructures in equilibrium using a self-consistent
Schrodinger—Poisson solver that takes into account spontaneous and piezoelectric polarization
[163]. In the Ga-polar LED structures, the total polarization field is in reverse direction with
respect to the p—n junction depletion field, thus resulting into a wider depletion region. This wider
depletion region leads to higher turn on voltage. However, the polarization fields in N-polar LED
structures are in the same direction as the p—n junction depletion field, which leads to a reduction
in the depletion region width and potentially a lower turn-on voltage compared with Ga-polar
structures. Additionally, in a N-polar LED structure, applying a forward bias voltage helps in
flattening bands in quantum wells (QWs) due to the reverse direction of polarization, therefore
reducing the Stark effect (Figure 3.2 (b)). This is in contrast with Ga-polar LED structures, in
which applying a forward bias voltage increases the field in the QWs leads to less overlap of
electron and hole wave-functions in the quantum wells. The opposite direction of polarization in
N-polar InGaN, therefore, is more advantageous for LED application than in the case of Ga-polar
InGaN. Moreover, as illustrated in Figure 3.2 (a) and (b), the injected carriers have to overcome
a potential barrier for Ga-polar structure, which reduces carrier injection efficiency and results in
higher turn-on voltages. In contrast, the reverse polarization direction in N-polar helps to remove
the potential barrier against the carrier injection efficiency, which is advantageous for achieving a
lower turn-on voltage. It is worth noting that the total polarization field increases in InGaN with
increase in In content. Therefore, these effects are more prominent in applications with high In

content InGaN such as long-wavelength (red/green) LEDs and LDs.
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Figure 3.3 Indium mole fraction as a function of growth temperature for both Ga-polar and N-polar InGaN films
as extracted from room temperature PL peaks and XRD scans Courtesy: D N Nath et al. [169].

Epitaxial growths of N-polar InGaN by MOCVD [164—-168] and PAMBE [169-172] have
been explored extensively to use these advantages of N-polar InGaN mentioned above. In recent
years, several works on N-polar InN demonstrated optimum temperature for N-polar InN is ~100
°C higher than that of Ga-polar InN because of higher stability of InN on the N-polar surface
[169]. Figure 3.3 shows a comparison between In composition in Ga-polar vs N-polar InxGai.xN
films grown at different temperatures measured using room temperature PL. and XRD scans with
different growth temperatures. Figure 3.3 shows In incorporation reduces with an increase in the
growth temperature due to higher decomposition rate of InN at a higher temperature irrespective
of polarity. Therefore, high In content N-polar InGaN can be grown at higher temperature than
their Ga-polar counterparts. Due to high temperature growth and the difference in surface energies,

N-polar InGaN layers can inhibit formation of structural defects and dislocations [173]. Due to
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these reduction in defects and dislocations, N-polar (In,Ga)N showed drastic improvement in

optical properties and photoluminescence.

Figure 3.4AFM scans of (5x5um?) InxGaixN filmsl (a) Ga polar, 550 °C, rms ~2.8 nm; (b) Ga polar, 600°C,
rms ~2.3 nm (c) N polar, 550°C, rms 5.7nm and (d) N polar 600 °C ~14.1nm Courtesy: D N Nath et al. [169]

Figure 3.4 shows the (Spmx5um) AFM scans for both Ga-polar (a-b) and N-polar (c-d)
InGaN films grown at 550 °C and 600 °C [169]. From the AFM images, N-polar InGaN has
relatively higher rms roughness than that of Ga-polar samples. Especially, the N-polar InGaN
grown at 600 °C showed extremely high rms roughness of ~15nm. Formation of SASL structure
has been also reported on Ga-polar InGaN films grown on GaN by PAMBE [127,128,174,175].

Moreover, SASL structures have been previously reported on Ga-polar InGaAIN quaternary alloys
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[120]. However, to the best of our knowledge, there is no report on observation of SASL
phenomenon in N-polar nominal InGaN films.

Here, it is reported on the growth of 350 nm-thick N-polar InGaN film with an average InN
mole fraction of ~13% with high structural quality and sub-nm surface roughness. For the first
time, spontaneous formation of superlattice structures on N-polar nominal “InGaN” films was
observed. It is shown that the composition of the superlattice structure changes by varying the
growth temperature. The formation of the superlattice structure can lead to a larger critical

thickness of InGaN.

3.2 Observation of Self-Assembled InGaN/GaN Superlattice Structure Grown on N-polar

GaN Template by Plasma-assisted Molecular Beam Epitaxy

3.2.1 Experimental Details

The samples presented here were grown in a Veeco GenXplor MBE system, equipped with
conventional thermal effusion cells for Ga, and In sources and a Veeco Unibulb radio frequency
(rf) plasma source. The N source consisted of ultrahigh-purity (99.9999%) N> gas flowing at
1 sccm through the RF-plasma source with 350 W RF power, corresponding to a growth rate of
350 nm/h for metal-rich GaN layers. All samples were grown on on-axis N-polar GaN substrates.
500nm-thick Ti was evaporated on the backside of the GaN substrates for uniform thermal
coupling with the heater, which were then mounted on silicon wafers by In-bonding before being
loaded in the MBE exit-entry chamber. The growth was initiated with five cycles of 10 s of Ga
deposition and desorption to further clean the surface. A 200 nm thick GaN buffer layer was first
grown at 730 °C using a Ga flux of 5.2x10” Torr to ensure a metal-rich growth regime. More
details on epitaxial growth of GaN on N-polar GaN by PAMBE can be found in [176—-178]. The

substrate temperature was then reduced to a lower temperature and allowed to stabilize for 15
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minutes prior to InGaN growth. A set of 350nm-thick InGaN samples were grown at a temperature
varying from 600 °C to 690 °C. A Ga flux of 3.8x108 Torr was used for all samples, while In flux
was increased from 1.5x1077 Torr to 3x107 Torr as substrate temperature increased to maintain an
In-rich growth regime.

A Bruker NanoMan atomic force microscopy (AFM) was employed to characterize the
surface morphology of the samples. High-resolution x-ray diffraction (HRXRD) ®-26 scans and
(0-20)-0 reciprocal space maps (RSM) were recorded on a triple-axis Philips X’pertPro
Panalytical Pixel 3D materials research diffractometer. Cross-sectional specimens for transmission
electron microscopy (TEM) study were prepared by in-situ focused ion beam (FIB) lift-out
methods using a Thermo-Fisher G4 650 Xe Plasma-FIB (P-FIB). Utilizing a Xe plasma ion source
instead of a regular Ga source prevents redistribution of Ga atoms or change of Ga concentration
in InGaN films. For final thinning, a 5 keV energy and 10pA current beam were used. A JEOL
JEM-3100RO05 electron microscope with a cold-field emission gun equipped with both a probe and
an imaging corrector was used for atom-resolved imaging that was operated in STEM mode. Both

high-angle annular dark-field (HAADF) and bright-field (BF) images were taken simultaneously.
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3.2.2 Results and Discussions

Surface Morphology

8.0 nm 10.0 nm

-10.0 nm

5.0 nm

-5.0 nm

. 3.0nm 3.0 nm

-3.0 nm -3.0 nm
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Figure 3.5 AFM image of 350 nm-thick InGaN films grown at (a) 600 °C (b) 620 °C (c) 650 °C (d) 670 °C (e) 690
°C.

Figure 3.5 shows AFM images of InGaN films grown at different substrate temperatures.
Growth of InGaN at 600 °C (sample A) resulted in a rough and grain-like surface morphology.
Increasing the substrate temperature improved the surface morphology. The sample grown at 650
°C (sample C) showed clear step edges and sub-nm surface root-mean-square (RMS) roughness.
However, large grooves could be also observed on the surface. An excellent surface morphology
with clear step edges and RMS roughness of only ~0.75 nm was achieved on sample D grown at
670 °C (sample D), indicating a step flow growth regime. This surface RMS for sample D is
significantly lower than that of any previously reported N-polar InGaN films with similar In

content [67,179]. A smooth surface morphology was maintained by further increasing the growth
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temperature to 690 °C. The surface morphology of samples D and E is very similar to what we

typically see on GaN films homoepitaxially grown on N-polar GaN substrates by PAMBE [176].

Crystal Structure by X-Ray Diffraction
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Figure 3.6 XRD w-20 profile of “InGaN” films grown on N-polar GaN at (a) 600 °C (b) 620 °C (c) 650 °C (d)
670 °C (e) 690 °C recorded around GaN (0002) reflection.

Figure 3.6 shows HRXRD w-26 profiles of all five samples recorded around GaN (0002)
reflection. Unexpected SL peaks can be observed on XRD ®-20 profiles recorded on sample A,
sample B, and sample D, while o-20 profile of sample C and E revealed only GaN and Ing.13Gag.s7N
peaks. Simulations conducted using Epitaxy and Smoothfit software revealed a good fit with the
HRXRD ®-26 profiles, assuming Ino.12Gao.ssN (4.1 nm) / Ing.osGao.osN (1.82 nm) superlattice
structure on sample A, Ing21Gao.79N (2.21 nm) / Ing.03Gao.97N (3.72 nm) superlattice structure on

sample B, and Ino.26Gao.7aN (3 nm) /GaN (3 nm) superlattice structure on sample D. As mentioned
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earlier, the In, Ga, and N shutters were opened once at the start and remained opened during the
one hour of growth and were closed simultaneously at the end of the growth. The substrate
temperature was monitored in-situ during the growth using a thermocouple. No fluctuations in the
Ga/In effusion cells and substrate temperatures was observed. Therefore, observation of such SL

structures on these samples from HRXRD profiles is surprising and unexpected.

Scanning Transmission Electron Microscopy (STEM)

Figure 3.7 (a) STEM-BF and (b) high-resolution STEM-HAADF images of sample A (grown at 600 °C). A

high density of defects and dislocations can be observed beyond a critical thickness. A SASL structure with a
period of 5.9 nm was revealed from the STEM-HAADF image.

To further analyze their structural properties, STEM was performed on all five samples.
STEM image taken from the InGaN film grown at 600 °C (sample A) along < 2110 > is shown
in Figure 3.7. The low magnification STEM-BF image (Figure 3.7 (a)) revealed the generation
of a large density of defects and dislocations in InGaN layer beyond a critical thickness. This
agrees with the rough surface morphology observed from the AFM image of this sample (Figure
3.5 (a)). The high-magnification STEM-HAADF image on this sample (Figure 3.7 (b)) revealed
a SL structure with a period of ~5.9 nm, which is similar to that extracted from the HRXRD ®-26
profile. Additionally, the thicknesses of low In and high In content layers are in agreement with

that extracted by simulating the HRXRD »-20 profile.
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Figure 3.9 (a) STEM-BF and (b) high magnification STEM-HAADF images of sample B (grown at 620 °C).
The red box shows an area with a high density of defects and dislocations, whereas the green box shows a
region of InGaN layer with higher structural quality that can be observed beyond a critical thickness. A SASL
structure with a period of 5.9 nm was revealed from the STEM-HAADF image.

STEM-BF image of sample B along < 2110 > (Figure 3.9(a)) indicates areas with higher
structural quality (green box) and areas with a large density of defects and dislocations (red box).
This agrees with the AFM image taken on this sample (Figure 3.5 (b)), which shows areas with
smooth surface and step edges, indicating a step-flow growth, and areas with rough and grainy
surface morphology. The high-magnification STEM-HAADF image on this sample (Figure 3.9
(b)) also revealed a SL structure with a period similar to that of sample A (~5.9 nm), which is also
similar to that extracted by simulating the HRXRD ®-20 profile. The SL structure was observed
in both areas with higher structural quality (green box) and areas with lower structural quality (red

box).

Figure 3.8 (a) STEM-BF image and (b) and (c) high-magnification STEM-HAADF images taken from two
different regions of sample C (grown at 650 °C);

65



The STEM-BF taken from sample C along < 2110 > (Figure 3.8 (a)) revealed
significantly improved structural quality compared with that of sample A and sample B. Some
deep grooves can be observed as shown by arrows, which are consistent with dark pits, as pointed
by black arrows, in the AFM image of this sample (Figure 3.5 (¢)). In contrast to sample A and
sample B that have uniform SL structure all over the samples, high magnification STEM-HAADF
on different areas of sample C revealed SL structure with sharp and well-defined interfaces in
some regions (Figure 3.8 (b)), but only slight traces of In modulation in the other regions (Figure
3.8 (¢)). This nonuniformity in the formation of SL structure can explain the absence of SL peaks
in the HRXRD »-20 profile of sample C. The reason behind the anomalous nonuniformity in this
sample is not understood. However, it can be speculated that it could be due to inconsistency in
commercially available N-polar GaN substrates. For instance, the miscut angle of these N-polar
GaN substrates varies between 0.25° to 0.56° on different substrates, which can affect the
formation of SASL structure. Moreover, a technique to achieve a consistently smooth surface on
N-polar surface prior to the epitaxial growth has not yet been developed. Further studies are needed

to understand the impact of the substrate on the nonuniformity of SASL structures.
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Figure 3.10 (a) STEM-BF and (b) STEM-HAADF images taken on two different regions of sample D (grown at
670 °C). (c) and (d) enlarged high-resolution STEM-HAADF images from the two outlined regions marked in b
showing high-quality self-assembled InGaN-GaN SL structure

STEM-BF images taken from sample D along < 211 0 > direction (Figure 3.10 (a) and
(b)) revealed a film with high structural quality with these films again belonging in the family of
experimental observations. The STEM-BF image in Figure 3.8 (a) was taken from a region where
there are a few dislocations in the MBE-grown GaN. The formation of dislocations at the
homoepitaxial growth interface is due to intrusive particles remaining on the GaN substrate due to
unoptimized surface polishing. Newly generated dislocations can be observed in the InGaN film,
originating from the dislocations propagated from the underlying GaN. In contrast, the STEM-BF
image taken from the area with no dislocation density in the GaN layer revealed no new
dislocations generated in the InGaN film. This observation indicates that if a surface pretreatment
technology is developed to improve substrate surface such that generation of dislocations in MBE-
grown GaN can be suppressed. The generation of more dislocations in the InGaN film can

potentially be suppressed as well. The magnified STEM-HAADF image taken on this sample
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revealed a well-defined superlattice structure with a period of ~6nm, which is in perfect agreement

with the period extracted from the HRXRD w-20 profile of sample D.

Figure 3.11High magnification STEM-HAADF images of sample E (grown at 690 °C).

Despite absence of SL peaks from the HRXRD profile taken on sample E, the magnified
STEM-HAADF image taken on this sample (Figure 3.11) also revealed a SL structure. Further
investigation is required to understand why SL peaks are sometimes missing in the HRXRD
profile. The periodicity of SL structure on this sample is only ~2nm, which is less than half of the
SL periodicity observed on the other samples grown at lower temperatures. This indicates the
possibility of tuning the SL periodicity by changing the growth temperature. These results revealed
that as the growth temperature increased, the magnitude of variation in the In layer in two layers
increased such that growth at 670 °C led to a Ino.26Gao.s4/GaN superlattice structure, with one layer

being pure GaN as estimated by simulating HRXRD ®-260 profile.
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X-Ray Diffraction and Reciprocal Space Mapping
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Figure 3.12 XRD-RSM scan around GaN (1124) reflection recorded on (a) InGaN grown at 650 °C (sample C)
(b) InGaN grown at 670 °C (sample D) (c) InGaN grown at 690 °C (sample E).

XRD-RSM scans recorded around the GaN (1124) reflection on samples C, D, and E are
shown in Figure 3.12 (a), (b), and (¢), respectively. Interestingly, the average InN mole fraction
was measured to be ~13% on all three samples. This is somewhat unexpected as In incorporation
tends to reduce as growth temperature increases [170]. Ing.13GaogsN film in sample C is partially
relaxed, while the nominal “Ino.13Gao.gsN” film in sample D remained coherently strained to GaN,
and the InGaN film in sample E is only 4% relaxed. This observation indicates that uniform growth
of SL structures can be employed to increase the critical thickness of InGaN films grown on GaN.
However, intentional epitaxial growth of such thick superlattices is challenging. First, it requires
frequent opening/closing of In/Ga shutters, which can reduce the lifetime of shutters. Additionally,
and more importantly, the optimized growth temperature of InGaN and GaN is conventionally
very different. While GaN is typically grown at ~730 °C, InGaN requires lower growth
temperatures to suppress decomposition. This means that the growth of InGaN/GaN SL requires a
constant change of growth temperature, which significantly increases the growth time. Besides,
frequent growth interruptions can lead to unintentional impurity incorporation at the InGaN/GaN

interfaces, leading to poor optical and electrical quality SLs. Alternatively, one could grow the
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GaN layer at the same temperature as the InGaN layer, which also results in poor-quality GaN
films. In contrast, growth conditions presented here naturally lead to the formation of a superlattice
structure. Additionally, the content and periodicity of SASL structures reported here are very
similar to quantum well structures embedded in GaN-based LEDs and LDs, and photovoltaic cells,

and, therefore, can potentially be useful for these applications [119,180-182].

Stablity of Self-assembled Superlattice
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Figure 3.13In-situ HRXRD w-20 profile of sample D recorded around GaN (0002) reflection at different
temperatures showing that SL is stable up to at least 700 °C.

To understand the thermal stability of these SASL structures, in-situ XRD measurements
were conducted while heating up sample D in ambient. In this experiment, the XRD stage, on
which the sample was mounted, was heated up with a ramp rate of 20 °C/min and XRD »-26
profiles were recorded at room temperature, 300 °C, 500 °C, 700 °C, and 900 °C. The stage was
held at each specific temperature for about an hour for aligning the sample and recording XRD -
20 profile. XRD w-20 profiles shown in Figure 3.13 revealed that the InGaN film maintained its

SL structure up to at least 700 °C. At 900 °C, however, the InGaN and the SL peaks disappeared,
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indicating that not only the SL structure was annihilated but also the InGaN film lost its crystalline
structure most probably due to the decomposition of InGaN layers. White powder-like substance

could be observed on the sample surface after annealing at 900 °C.

3.3 Summary

Spontaneous formation of superlattice structure in nominal InGaN film grown on N-polar
GaN was observed. An increase in the growth temperature led to a magnification of the variation
in the In content in two layers of SL such that growth at 670 °C resulted in Ing26Gao.ss/GaN
superlattice structure. Moreover, it was demonstrated that the SL periodicity reduced by further
increasing the growth temperature to 690 °C. Further studies are required to fully understand the
impact of In content, growth regime, and In/Ga flux on the formation and periodicity of self-
assembled superlattice structures. Nevertheless, the formation of a uniform SL structure increased
the critical thickness of InGaN. 350 nm-thick InGaN film with an average InN mole fraction of
13%, excellent structural quality, and sub-nm surface roughness was demonstrated. The thermal
stability of the SASL structure was also investigated by heating up the sample in ambient while
performing in-situ XRD measurements. These structures are stable up to at least 700 °C. Many
devices, including hot electron transistors (HETs) [1], InGaN-channel HEMTs, LEDs, solar cells,
and detectors, could potentially benefit from relatively high temperature (690 °C) growth of high-

quality InGaN and spontaneous formation of InGaN/GaN superlattice structure.
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Chapter 4 Ga-polar InGaN Growth on ZnO Substrate

4.1 Introduction
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Figure 4.1 In-plane lattice mismatches of m-plane InGaN/ZnO and InGaN/GaN showing InxGaixN is lattice
matched with ZnO substrate for In composition 0.18 and 0.06 along along a-axis and c-axis, respectively. The
lattice constants of InGaN were calculated according to the Vegard’s Law Courtesy A Kobayashi et al. [183]

ZnO has been proposed as a promising substrate for high quality relaxed InGaN pseudo-
substrates growth since Ino2Gao sN is lattice matched to the ZnO substrate in the in-plane direction
(a-plane) (Figure 4.1(left)) [ 183] and has a similar thermal coefficient as ZnO substrate. ZnO has

the same wurtzite crystal structure, and ZnO and InGaN are isomorphic in stacking order [184—

186]

72



1 : L} LJ L} LJ
(a) o
£
H2 back etching Zn fast diffusing €
E 0.1-E
£
I 4 £
v | p
Zn0O < 0.01 -
o E
£
o=
o
o
1E'3 L]

0.8 0.9 1.0 1.1 1.2 1.3
1000/T (1/K)

Figure 4.2 (a) Issues related to growth of GaN by MOCVD on ZnO substrates shows H: back etching into
substrate and Zn diffusing into epilayers, both causing poor epilayer growth of GaN. (b) Arrhenius plot for the
H?2 etching rate (mm/min) of ZnO versus temperature (1/T) Courtesy: N Li (2009) [193].

ZnO was studied as a potential substrate for epitaxial growth of (In,Ga)N via both MBE
[187-189] and MOCVD [75,190-192] in the early years of developing nitrides due to in-plane
lattice matching of Ing2GaosN and ZnO [9,44]. However, InGaN growths on ZnO substrates have
a long history of disappointing results. The main challenges that hindered ZnO from emerging as
the common substrate for the InGaN growth were the out diffusion of Zn from the substrate into
the epilayer and interfacial reaction between nitrides and the ZnO at high temperature due to the
thermal stability of the ZnO substrate (Figure 4.2 (a)) [193]. In addition to the thermal stability
issue at high temperature, H> in MOCVD reactors back etches substrate at high temperatures [75].
As the temperature increases, the Hz etching rate results in damaging the substrate before the
epilayer growth (Figure 4.2 (b)) [193]. Ammonia (NH3), which is the source that supplies N in
MOCVD of HI-nitrides is the source of H> during the growth. At low temperature (~500 °C), the
contribution of H> is too small to cause damage to the substrate surface. However, the NH3
cracking efficiency decreases with reducing the growth temperature below 600 °C. ZnO was used

as a substrate to grow Ing2GaosN films for the first time in 1992 with the MOVPE technique by
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Matsuoka et al [194]. They concluded that growing on the lattice-matched substrate (ZnO) helps
to improve the InGaN film quality. However, at the time, ZnO substrates were not commercially
available. Moreover, there was no well-developed pretreatment technique available to remove the
surface damage caused by slicing the ZnO substrate. A substrate treatment process for both O-
face and Zn-face ZnO by annealing followed by ozone treatment and BHF etching was developed

and described in section 4.2.

40 nm

0nm

Figure 4.3 AFM images of GaN epilayers before and after H3;POq etching on vicinal and singular ZnO
substrate. GaN epilayers (a) before and (b) after etching on vicinal ZnO, and GaN epilayers (c) before and
(d) after etching on on-axis ZnO Courtesy: G Namkoong et al. [196].

Later, other groups also attempted to grow GaN on ZnO substrates using PAMBE since
the MBE growth temperature for (In,Ga)N is lower than that of MOCVD [186,195]. Namkoong
et al. [196] were able to reduce the dislocation density of GaN films by two orders of magnitude
using miscut ZnO substrates as opposed to on-axis ZnO substrates. Figure 4.3 shows the GaN
surface before and after H3POs etching to reveal dislocations/pits on miscut substrate (Figure 4.3
(a) and (b)) and on on-axis substrate (Figure 4.3 (c) and (d)). This figure shows that the density

of pits caused by etching is two orders of magnitude smaller on the miscut substrate in comparison
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with that on on-axis substrate. Nevertheless, it has been proven to be difficult to achieve high-
quality GaN on ZnO due to a reaction between GaN and ZnO at elevated temperatures. E.S.
Hellman et al. reported that in MBE growth of GaN on ZnO, ZnO reacts with Ga in GaN at high

temperature and forms Ga>ZnQOs, an oxide with the spinel structure [197].

Figure 4.4 AFM [(a)—(c)] of thin InN films grown at different temperature: 350 °C, 450 °C, 550 °C, respectively.
The inset in (c) shows a bird’s eye view SEM micrograph of the surface of the sample. The arrow indicates a
hexagonal pit Courtesy: Y Cho et al. [198].

Recently, successful growth of high-quality InN on O-face ZnO substrates was
demonstrated by Cho et. al using PAMBE [198]. ZnO is isomorphic to InN with a lattice mismatch
of 8%. Although this lattice mismatch is smaller than that between GaN and InN (11%), it is still
relatively large. Moreover, due to the interaction between oxygen and InN at elevated
temperatures, In,O3 forms at the interface. Cho et al. [198] were able to eliminate the ZnO and
InN reaction at the interface by growing at temperatures below 550 °C while maintaining a
relatively high-quality surface morphology (Figure 4.4). In their work, InN films were grown on
O-face ZnO. However, the polarity of InN films is not mentioned here. Additionally, they showed
that even a small amount of Ga incorporation leads to inversion domains at the interface, and,
therefore, degrades the film’s quality. Ernst et al. [199] studied low temperature growth of InN
and GaN on ZnO and demonstrated step flow growth for films thinner than 2 monolayers (MLs).

However, three-dimensional (3D) structures started to form for GaN thickness beyond 3.1 MLs.
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They concluded that the growth of InN/GaN multiple quantum wells (MQWs) and InN/GaN
superlattices (SPSLs) may not be possible on ZnO under the growth conditions they investigated.

The interfacial reaction between IlI-nitride and ZnO forms an intermediate phase with poor
crystalline quality and eliminates the advantage of the lattice-matched ZnO substrate with
Ino2GaosN. Kobayashi et al. demonstrated growth of high-quality m-plane GaN on m-plane ZnO
substrates using the pulsed laser deposition (PLD) technique [200]. They initiated the growth with
a thin GaN layer grown at room temperature to suppress the reaction between ZnO and GaN. As
mentioned earlier, there is an 8% lattice mismatch between InN and ZnO crystal structures,

whereas Ino2GaosN is perfectly lattice matched to ZnO.

20 nm

50 nm

Figure 4.5 RHEED patterns [(a) and (b)] and AFM images I um x1 um [(c) and (d)] of GaN films grown on m-
plane ZnO substrates at 340 °C [(a) and (c)] and 540 °C [(b) and (d)] Courtesy: A Kobayashi et al. [183]
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Recently, Kobayashi et. al [183] successfully grew m-plane GaN and lattice-matched
InGaN films on m-plane ZnO at 350 °C using pulsed sputtering deposition (PSD). Figure 4.5 (a)
and (b) show a streaky RHEED pattern and smooth surface morphology, respectively, on the GaN
film grown at 340 °C. In contrast, the RHEED pattern on the sample grown at 540 °C is spotty
(Figure 4.5 (c)), implying a rough surface, which agrees with the AFM image on this sample
(Figure 4.5 (d)).

To attain ZnO substrates surfaces with step edges, different substrate treatment methods
have been studied and explained section 4.2. Different substrate treatments, e.g., wet etching,
ozone treatment and annealing in different environment have been investigated extensively. An
ozone treatment with BHF wet etching followed by annealing in ambient for an hour improved the
surface morphology drastically. A low temperature GaN buffer layer grown by metal enhanced
epitaxy (MEE) using a shutter modulation scheme has been explored to prevent formation of the
interfacial layer and is discussed in section 4.3. A two monolayer (ML) thick GaN layer grown by
MEE was successful in stopping the interfacial interaction between InGaN and ZnO at high growth
temperature. InGaN growths on ZnQ initiated with a 2ML thick GaN layer were grown at different
growth temperatures, and the dependence of surface morphology and luminescence of InGaN on

growth temperature were studied and described in section 4.4.

4.2 ZnO Substrate Treatment

4.2.1 Introduction

Zn0 is an attractive substrate for (In,Ga)N growth because it is isomorphic to (In,Ga)N
and lattice-matched to the Ino.18Gaos2N. One of the important factors that can affect quality of
(In,Ga)N films grown on ZnO substrate is the surface quality and morphology of the ZnO substrate

[201]. The substrate surface needs to be atomically flat and free of particles (e.g., metallic impurity,
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contaminants). The difficulties of using a non-conventional substrate, ZnO, are primarily related
to the unavailability of any established surface preparation method prior to the growth, as well as
the stability of the substrate surface during high-temperature growth [202-205]. In addition, ZnO
single-crystal substrates for growth have various issues due to their high cost, short supply, Li
contamination and so on. The surface of the ZnO substrate has contaminants from silica (SiOx)
particles due to chemo-mechanical polishing and the formation of Zn(OH), gel [201]. To solve all
these issues and obtain a smooth surface on ZnO substrate ready for epitaxial growth, thermal
annealing, wet-chemical etching and plasma treatments have been explored for substrate
treatments [75,201,202,206,207].

Attempts have been made to remove the damaged layer due to polishing with thermal
annealing in different environments e.g., ambient, N>, Oz or high vacuum [201,203-205,207].
Annealing ZnO substrates at a low temperature (~650 °C) resulted in relatively low surface
roughness with a decrease in the number of scratches, without any step edges and terraces. An
increase in annealing temperature resulted in an accumulation of nucleation islands with a height
of a lattice constant and developed regular steps (including some irregularities). An O-face ZnO
(0001) substrate annealed at 1150 °C for 3h can remove all the damage induced by sawing and
the residual scratches from mechanical polishing[195,207]. The annealing can help to attain an
atomically flat, terrace-like surface. However, Ernst et al. [199] reported annealing in O> showed
that some three-dimensional protrusions occurred. However, these clusters can be removed by
rinsing the samples in de-ionized water under sonication and re-annealing the samples. Besides,
high-temperature annealing of ZnO decreases the amount of residual Li from the substrate [202].

Electrochemical etching has been proposed instead of annealing by several research groups

as a surface treatment method [201,208]. They have explored HCl, HNOs;, HF, and BHF for
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etching both O-face and Zn-face ZnO substrates [201,208]. S. Akasaka et al. demonstrated that
dipping the Zn-face ZnO substrates in an HCI solution (HCl: H20=7:200) for 30s results in an
epitaxy-ready surface with great reproducibility [201]. After exposing the Zn-face ZnO to HCI
solution, the Zn-face ZnO substrate exhibited as a flat surface showing some steps and terraces.
With an increase in etching time to 6 min, the Zn-face ZnO showed island-shape morphology with
a high step height of 3.5 nm. With an etching time of 13min, the Zn-face ZnO surface led to the
island-shape structure. Furthermore, etching in HCI solution can decrease the residue of silica
particles from the chemo-mechanically polished surfaces. Besides, Zn-face and O-face ZnO
substrates showed different morphology after etching for two minutes in nitric acid (61 wt%) at
room temperature [75]. Zn-face ZnO surface was showing smooth surface morphology with some
grooves coming from slicing and polishing. In contrast, the O-face ZnO showed rough surface
morphology after the nitric acid wet etching treatment. The etching rate for O-face ZnO is one
order of magnitude higher than that of Zn-face ZnO. Additionally, T. Nakamura et al. [208]
introduced UV-ozone treatment before wet chemical etching to eliminate the inorganic particles
from the surface. They studied the impact of the pH value of NH4F buffered HF solution on Zn-
face ZnO substrates. The wet chemical etching by BHF results in the formation of the step and
terraces in the ZnO substrate surface. However, BHF with a higher pH value leads to etch-pits at
the surface. They showed lowering the pH of the BHF solution decreases the etching rate of the
ZnO and can reduce the pit density on the surface. T. Nakamura et al. [208] showed atomically
flat substrates without any etch pits can be successfully obtained by etching ZnO by BHF solution

with pH=5 following UV-ozone treatment. However, most of the studies were focused on Zn-face
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ZnO substrates, and there have been only a few studies comparing substrate treatment for both Zn-

face and O-face ZnO substrates.

a b
al Initial stage b1 Initial stage
Low Nucleation Density High Nucleation Density
I Damaged . ..
Layer
- | o
 Dislocation
a2 After etched (~5 min.) b2 After etched (~30 sec.)

Etch Pit

Figure 4.6 Schematic diagram of BHF etching process for cross sectional view of the Zn-face ZnO substrate. The
pH values of the BHF are (a) ~6.5 and (b) ~5 Courtesy: T. Nakamura et al. [208]

The most important parameters are etching time and using BHF with low pH for obtaining
a surface morphology with step edges and no pyramid shaped pits. The mechanism of BHF etching
can be explained by a theory proposed by J.R. Heffelfinger et al. [209]. Usually, Zn-face ZnO
substrates have an amorphous damaged layer at the top [208]. At the first step of the BHF etching,
the topmost amorphous layer is usually etched (Figure 4.6 a(1)). Later, nuclei of the pits forms at
the edge of dislocation. These nuclei of the pits extend as the faceted pits during the etching process
(Figure 4.6 a(2)) and with an increase in the etching time, the depth of the faceted pits increases.
The etched regions in the amorphous layer coalesce together with time, leading to a removal of

the amorphous layer and formation of a smooth morphology with step edges. During the etching
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process, the nuclei for the pits can also grow due to exposure to BHF over a long time or BHF with
high pH value. These can lead to over-etching of the surface, which can result in etch pit formation
in ZnO substrate and inhomogeneous step structure. Therefore, a BHF solution with low
concentration was preferred so that uniform etching of the amorphous layer without any faceted
etch bits can be obtained (Figure 4.6b(1) & b(2)) [22]. In this thesis, the impacts of wet etching,

ozone treatment and annealing on both Zn-face and O-face ZnO substrates are studied.

4.2.2 Wet Etching of ZnO Substrates

(a) Before (b) after (c) before (d) after

................ -

Zn-face ZnO O-face ZnO

Figure 4.7 2um x 2um AFM scan of Zn-face ZnO substrate (a) before cleaning (b) after 20% HNO3 treatment
Jor 2 min; O-face ZnO substrate (c) before cleaning (d) after 20% HNOs treatment for 2 min.

Wet etching of Zn-face and O-face ZnO substrates by HNOs, HCI, BHF was investigated.
Figure 4.7 (a), (b) and (c), (d) show change in surface morphology of Zn-face and O-face ZnO
substrate due to 20% HNOj; treatment for 2 min, respectively. Etching ZnO substrate by 20%
HNO3 led to a rough surface for both Zn-face and O-face. Zn-face ZnO substrate showed an
increase in surface roughness from 0.4 nm to 2.6 nm due to HNO; wet etching, and large pits were
observed in the substrate surface. The O-face ZnO substrate lost its morphology, and the substrate
roughness increased two orders of magnitude. This corroborates previous results shown by other

research groups that Zn-face ZnO substrate shows more resistance to wet-etching than O-face ZnO
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[75]. The etching rate of O-face ZnO by HNO; and HCl is an order of magnitude higher than that

of Zn-face ZnO.

(a) Before (b) 3.5% HCI (g?ezil;zge (d) Buffered HF

cleaning

5.0 nmm

Figure 4.8 2um x 2um AFM scan of Zn-face ZnO substrate (a) before cleaning (b) after 3.5% HCI treatment for
30s (c) Before cleaning (d) after buffered HF treatment for 30s.

Etching of Zn-face ZnO by 3.5% HCI for 30s results in a drastic increase in the pit size
(Figure 4.8 (a) and (b)). Large pits are non-ideal and detrimental for further epitaxial growth and
device fabrication. After etching Zn-face ZnO by buffered HF for 30s, the surface morphology of
Zn-face ZnO improved with clear step edges on the substrate surface (Figure 4.8 (c) and (d)).
However, the surface morphology slightly increased due to appearance of small particles on the
surface. Therefore, UV-ozone treatment was developed to remove these particles as discussed in
the next section.-In contrast, the surface morphology of O-face ZnO was damaged severely by wet

etching of 3.5% HCI and BHF (similar to surface morphology shown in Figure 4.7(d)).

4.2.3 UV-Ozone Treatment of ZnO Substrate

A Senlights PL16 Deep UV exposure tool was used in this experiment as a source of ozone
cleaning. It has a power density of approximately 15 MW/cm? at 30 mm of 254 nm and 185 nm

UV light. A light source with a wavelength of 185 nm UV light was used for ozone generation,
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and the concentration of ozone was relatively low in the range of 20-200 ppm for this experiment.

After UV-ozone treatment, the substrate went through DI water cleaning for 2 min.

Before cleaning After 20 min Ozone
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Figure 4.9 2um x 2um AFM scan of Zn-face ZnO substrate (a) before cleaning (b) after 15 min UV-ozone
treatment showing worse substrate morphology (c) after 20 min UV-ozone treatment showing smooth surface
morphology with surface roughness of 0.35nm; O-face ZnO substrate (d) before cleaning ( e) after 20 min UV-
ozone treatment showing smooth surface morphology with a surface roughness of 0.36 nm

UV-ozone treatment was explored as a technique for substrate treatment for both Zn-face
and O-face ZnO. Zn-face ZnO substrate was exposed to a UV ozone environment for 20 min,
(Figure 4.9 (b)). UV-ozone exposure for 20 min led to a smooth surface with a sub-nm surface
roughness (0.35nm). Similarly, treating O-face ZnO substrate for 20 min resulted in a smooth

surface with sub-nm RMS roughness (Figure 4.9 (d)).
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Although UV-ozone exposure led to a smooth surface morphology on both O-face and Zn-
face surfaces, step edges did not appear on the surface. Step-edges on the substrate surface help
with step flow growth mode by MBE. Therefore, ozone treatment followed by BHF etching was
explored on Zn-face ZnO substrate. The ozone-treated Zn-face ZnO substrate was then wet etched
by BHF for 30s. This BHF wet etching following the ozone treatment was repeated three times for
removal of 3D protrusions on the substrate surface. It is suspected that these 3D protrusions on the
substrate surface came from the organics remaining from the substrate surface preparation. The
substrate surface after the BHF treatment following ozone treatment for three times showed a sub-
nm root mean square (RMS) roughness of 0.27 nm and a smooth surface with step edges (Figure
4.10). On the other hand, as mentioned before in section 4.2.2, BHF treatment can completely
damage the O-face ZnO surface morphology. Therefore, BHF treatment followed by UV-ozone

treatment cannot be pursued for O-face ZnO substrates.

50nm
40

20

Figure 4.10: 2um x 2pum AFM scans of Zn-face ZnO substrate after BHF treatment for 30s following UV-ozone
treatment showing a surface roughness of 0.27 nm.
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4.2.4 Annealing of ZnO Substrate in Ambient Environment

A Tempress diffusion system and A FB1300 model furnace were used for annealing the substrates.
Similar experiments were conducted using both systems, which resulted in similar outcomes. A
FB1300 model used a single three-section resistant heater embedded in a refractory material for
heating the substrate. The chamber used a ceramic fiber for insulation. The temperature is
controlled by an electronic control and measured by thermocouple. In contrast to the Tempress

diffusion system, the wafers were placed flat on the boats directly for heating up the samples.

(d) (e)

Figure 4.11 AFM scans of 2umx2um area of Zn-face ZnO substrate (a) before annealing (b) after annealing at 950
°C for 30 min (c) after annealing at 950 °C for 2h (d) after annealing at 1050 °C for 30 min (e) after annealing at
1050 °C for 1h
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Annealing of Zn-face and O-face ZnO substrate in an ambient environment was conducted
at different temperatures ranging from 950 °C to 1050 °C for 30 min to 2h. The surface
morphology of Zn-face ZnO substrate after annealing at 950 °C for 30 min to 2h showed irregular
steps and unclear step edges (Figure 4.11 (b) and (c¢)). An increase in annealing temperature to
1050 °C for 30 min and 60 min improved the surface morphology. The surface morphology
showed clear step edges with relatively low RMS roughness (~1nm) (

Figure 4.11 (d) and (e)). Though the surface showed clear step edges and low roughness,
the surface morphology did not show regularity in step height and step edges. This can be related

to the surface morphology before treatment.
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Figure 4.12 AFM scans of Zn-face ZnO substrate (a) after annealing at 1050 °C for 1h following by Ozone treatment
(b) after annealing at 1050 °C for 1h with keeping two Zn-face ZnO substrate face to face following ozone and BHF
treatment.

The surface morphology after annealing following the ozone treatment shows irregular step edges
with relatively high step height (Figure 4.12 (a)), which makes step flow growth by MBE
challenging. This issue was resolved by introducing an ozone treatment followed by BHF wet
etching before the annealing. Additionally, substrates were placed face to face in the furnace in

this case to increase Zn vapor pressure and prevent ZnO from dissociation. The BHF and ozone
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treatment followed by annealing at 1050 °C for an hour with two substrates placed face to face

shows sub-nm RMS surface roughness of 0.14 nm (Figure 4.12 (b)).

5.0 nm

Figure 4.13 AFM scans of 2umx2um area of O-face ZnO substrate (a) before annealing (b) after annealing at
950 °C for 30 min (c) after annealing at 950 °C for 2h (d) after annealing at 1050 °C for 30 min (e) after annealing
at 1050 °C for 1h (f) after ozone treatment followed by annealing in ambient at 1050 °C for 1h.

Furthermore, the annealing of O-face ZnO substrate was explored similar to Zn-face ZnO
substrate. The O-face ZnO substrate was annealed in an ambient environment at different
temperatures ranging from 950 °C to 1050 °C for 30 min to 2h. Figure 4.13 (b) and (c) show the
annealing of O-face ZnO substrate for 30 min and 2h. The surface morphology did not improve
after 30 min annealing in ambient, and annealing for 2h in ambient at 950 °C introduced pits in
the O-face ZnO substrate surface. This can be related to the ZnO decomposition. The O-face ZnO
substrate was annealed at a higher temperature of 1050 °C for 30min (Figure 4.13(d)). The surface
did not show any drastic improvement. Annealing O-face ZnO substrate at 1050 °C for 1h resulted

in irregular step edges (Figure 4.13 (e)). O-face ZnO cannot be exposed to BHF etching due to
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the high etching rate and high reactivity of O-face ZnO substrate. Therefore, an ozone treatment
before the annealing at 1050 °C for 1h was introduced. Furthermore, to stop the decomposition of
the O-face ZnO substrate due to the high temperature, the substrates were placed face to face. This
led to a smooth surface morphology with clear step edges and ultra-low RMS roughness of ~1nm
(Figure 4.13 (f)).

Since, the optimum growth conditions for on O-face and Zn-face are different, O-face ZnO
substrates for InGaN growths became the research focus of this thesis. One of the main reasons is

because O-face showed similar step edges, which is important for epitaxial growths.

4.3 Low Temperature Metal-enhanced Epitaxy of III-Nitrides

One of the main challenges that hindered ZnO from emerging as the common substrate for
the growth of nitrides is the interfacial reaction between nitrides and the ZnO [197,198,210]. More
recently, high-quality nitride films [211-214] have been achieved on ZnO using pulsed laser
deposition (PLD), as this growth technique allows for growth temperatures as low as room
temperature, and, therefore, interfacial reaction of nitrides with ZnO can be fully suppressed. On
the contrary, the optimum growth temperature for InGaN via MBE is typically between 500 °C
and 600 °C. F. Hamdani et al. [185] showed a low temperature thin buffer layer of GaN and
Ino2GaosN can help to prevent the interfacial reaction between IlI-nitride and ZnO.

Epitaxial growth refers to a process where atoms deposit randomly on the growing
substrate surface in a properly arranged manner according to the perfect equilibrium atomic
configuration. Any deviation from the perfect configuration leads to crystal defects and
imperfections. Therefore, lateral diffusion of deposited atoms on the surface is essential for
growing high-quality films by MBE. To grow high-quality films, attaining a sufficiently high

substrate temperature is important to ensure the diffusivity of metal. The low temperature growth
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can lead to 3D island-like structures. A technique called metal enhanced epitaxy (MEE) or metal
modulated epitaxy (MME) has been developed previously to allow for lower growth temperatures.
In this work, MEE of (In,Ga)N by MBE is performed by alternating between metal (Ga/In) and
nitrogen shutters[215-217]. This provides the group III metal atoms enough time to migrate to
energetically favorable sites by adatom surface diffusion before reacting with active nitrogen,
which can improve the crystal quality of the film grown at low-temperature and decrease the
surface roughness. The impact of MEE technique would be negligible for high-temperature

growths.

4.3.1 Experimental Details

Close

Ga
shutter OPn L LS L 1
N T L

ShutterIIIIIIIII
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Figure 4.14 Shutter modulation scheme showing Ga and N shutter close and open scheme during the growth
period of 160 nm

500 nm- thick Ti was then deposited on the backside of the ZnO substrate via e-beam
evaporation to ensure uniform temperature during the growth. Substrates were then cut into ~5
mm X Smm pieces. All the ZnO substrates were solvent cleaned (acetone, methanol and
isopropanol for 4 min each) to remove organic residues from the surface. They were then mounted

on a Si substrate by In-bonding, loaded in the MBE exit-entry chamber and baked for 1 hour at
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400 °C in the buffer chamber to remove water prior to transferring to the growth chamber. All the
growths discussed here were performed in a Veeco GENxplor system equipped with Al, Ga, and
In effusion cells and a radio-frequency (RF) plasma source to supply active nitrogen. A plasma
power of 350W and N; flow of 0.3 sccm were used for the growth. The growth rate with this
condition was 150 nm/ hour or ~2.5nm/min at metal rich or intermediate growth regime. The
substrate temperature was measured with a thermocouple. For the GaN growth by MEE, a Ga and
In beam equivalent flux (BEF) of 4x10-® was used. A shutter modulation scheme of 20 s metal

shutter open time and 20 s nitrogen shutter open time was used as shown in Figure 4.14.

4.3.2 GaN on ZnO by MEE
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Figure 4.15: 2 um =2 um AFM images of GaN thin films grown on O face ZnO (0001) substrates via MEE with a
thickness of (a) 1 nm, (b) 2 nm, (c) 4nm showing RMS roughness of 0.39 nm, 0.58 nm and 0.58 nm

Figure 4.15 shows AFM images of GaN samples grown at 450 °C for different thicknesses
from 1 nm to 4 nm. Surface morphology of 1 nm GaN showed smooth surface morphology with
step edges and RMS roughness of 0.39 nm. With an increase in thickness, the Ga droplets started

to appear and surface roughness increased. Furthermore, with an increase in thickness up to 4 nm,
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the surface step edges disappeared. Therefore, | nm GaN by MEE is the optimum thickness for

use as a nucleation layer for InGaN growth on O-face ZnO substrates.

Figure 4.16 2 um =2 um AFM images of GaN thin films grown on O face ZnO (0001) substrates via MEE at (a)
350 °C, (b) 400 °C, (c) 430 °C, (d) 450 °C and (e) 460 °C showing RMS roughness of 0.93 nm, 2.6 nm, 1.3 nm,
0.9 nm and 0.57 nm. Scale bar from -3 to 3 nm for (a), and (b) and -1 to 1 nm for (c), (d), (e).

Figure 4.16 ((a)-(e)) shows the AFM image of samples grown at different temperatures.
Growing at temperatures below 430 °C led to 3D growth due to very low adatom mobility on the
surface, which cannot be overcome via MEE. It is suspected that these 3D features are GaN since
increasing the substrate temperature did not remove them as would have been expected for Ga-
droplets and instead changed in their shape from circular to a rectangular. Step edges were
observed on samples grown at temperatures ranging from 430 °C to 450 °C, confirming a step
flow growth. The number of 3D features on the surface also reduced by increasing substrate

temperature from 430 °C to 450 °C. By further increasing the temperature to 460 °C, the surface
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morphology degraded and more dots appeared, most probably due to a chemical reaction between
Ga atoms and the ZnO surface at higher temperatures.

For the rest of samples discussed in this thesis, the growth was initiated with a ~2 MLs-
thick GaN layer grown at 440 °C using MEE. The substrate temperature was then raised to a
particular temperature to grow 300 nm-thick (In,Ga)N films. Growth of a thin GaN film at low
temperature helps to (i) prevent the reaction between Ga/ln atoms and the ZnO surface and (ii)
reduce ZnO decomposition at elevated temperatures and, consequently, diffusion of Zn atoms in

(In,Ga)N films.

4.4 InGaN Growth on O-face ZnO Substrate by PAMBE

4.4.1 Experimental Details

Using this thin layer as the buffer layer as described in section 4.3, 300 nm-thick (In,Ga)N
films were grown at temperatures ranging from 575 °C to 730 °C. A plasma power of 350W and
N2 flow of 1.0 sccm were used for the growth. The growth rate with this condition was 350 nm/hour
or ~5.8nm/min at the metal rich or intermediate growth regime. Samples were analyzed in-situ via
RHEED. After growth, high-resolution X-ray diffraction (HRXRD) by automated multipurpose
Smartlab X-ray diffractometer was employed. Moreover, surface morphology was measured by a
Bruker NanoMan AFM. The polarity of the GaN film was determined by a non-contact, non-
destructive Kelvin probe force microscopy (KPFM) technique. Photoluminescence (PL)
measurements were performed with the excitation at 325 nm provided by a He-Cd laser. The PL
data were analyzed by an Acton Spectrometer with a resolution of 1.0 nm. The room temperature

PL spectrum was measured with an excitation intensity of 150 kW/cm?.
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4.4.2 Results and Discussions

Figure 4.17 Figure 4: (a) RHEED image and (b) intensity amplitude vs time(s) diagram of 300 nm-thick GaN
films grown at 730 °C on O-face ZnO substrate. AFM images (1 um % 1 um) of the same GaN film taken (c) 2
hours and (d) 2 days after unloading from the MBE chamber. The surface roughness remained relatively constant
(~0.57 nm), but the surface morphology degraded significantly. Scale bar from -2 to 2 nm.

Using metal-enhanced epitaxy (MEE), step-flow growth of atomically smooth GaN thin
layers on O-face ZnO substrate was demonstrated. In the next step, a 300 nm-thick GaN at 730 °C
was grown. N> gas flow was set at 1 sccm through the RF-plasma source with 350 W RF power,
corresponding to a growth rate of 5 nm/min. The growth was performed in the metal-rich growth
regime using a Ga Flux BEP of 4.1 x 10”7 Torr, to ensure step flow growth [51,218,219]. Figure
4.17 (a) demonstrates a streaky RHEED pattern during and after the growth was completed,
confirming atomically smooth GaN film. Growth was interrupted every 20 min to desorb the
excess Ga from the surface by closing the Ga shutter and keeping the N shutter open for ~30 s
[218,220]. A full desorption of excess Ga was confirmed by a rise in RHEED intensity as shown

in Figure 4.17 (b). The sample was taken out of the ultra-high vacuum environment of the MBE
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system two days after the growth, and the surface morphology was immediately characterized by
AFM. As shown in Figure 4.17 (¢), a smooth surface with rms roughness of ~ 0.57 nm was
achieved. Spiral hillocks, which are associated with mixed (edge and screw) dislocations, were
observed [130]. However, to our surprise, the surface morphology drastically changed after the
sample was kept in a N> dry box for two days (Figure 4.17 (d)). This surface degradation is due
to strain because of a 1.8% lattice mismatch between GaN and ZnO and is facilitated by exposure
to the ambient environment. Detailed study will be performed in the future to fully understand the

onset of this drastic change in surface morphology.
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Figure 4.18 X-ray diffraction (XRD) on axis and off-axis rocking curve of 300nm GaN thin films at a high
temperature (730 °C) by w-scans across (0002) and (1012) reflections, respectively. The full width at half
maximum (FWHM) of on-axis rocking curve is much smaller than that of off-axis rocking curve of GaN thin films.

In order to further analyze the film quality, rocking curves (o scans) were taken across the
on-axis (0002) and off-axis (1012) GaN reflections and are shown in Figure 4.18. Full width at
half maximum (FWHM) of 1589 arcsecs and 2862 arcsecs were measured from on-axis and off-
axis w scans, respectively. The screw and edge dislocations were estimated from these

measurements following the method described in [15] to be ~2.45x10° cm? and ~2.1x10'% cm™,
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respectively. The threading dislocation density is comparable to those previously measured on
GaN films grown on ZnO or SiC by PAMBE [158,196]. However, We believe, the eventual
degradation of GaN film quality can be mitigated by either passivating the surface or removing
the ZnO substrate immediately after the growth by etching in HF [75], which could be integrated
into the process flow for flexible electronics [75]. A Platinum-Iridium (Pt-Ir) coated electrically
conductive tip was used for the KPFM measurements, and a surface potential profile was obtained
in the lift mode by lifting the tip at a 30 nm distance from the sample surface. A surface potential
of 0.9 eV was measured on this sample employing KPFM, corresponding to a Ga-polar surface

[221].
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Figure 4.19 (a) RHEED pattern, (b) AFM image (2 um % 2 um) of InGaN films grown at 600 °C and (c) room
temperature photo-luminescence (PL) spectra of InGaN films grown at different temperatures on GaN/O-face
Zn0 (0001). AFM scale bar is from -6 to 6 nm.

In the next step, a set of 300 nm-thick InGaN samples was grown, varying substrate
temperature from 550 °C to 650 °C while keeping N> flow and plasma power constant at 1.0 sccm
and 350 W, respectively. As a reminder, for all the samples presented here, the growth was initiated
with a ~2 MLs-thick GaN layer grown at 440 °C using MEE. Ga and In fluxes were changed
accordingly to maintain a metal-rich growth regime. An atomically smooth surface morphology
was achieved as confirmed by a streaky RHEED pattern as shown in Figure 4.19 (a) and (b),
which show a representative AFM image on these samples indicating a RMS roughness of 2.3nm.
As opposed to the GaN sample, the surface morphology on the InGaN films did not degrade over
time due to significantly lower lattice mismatch between InGaN and ZnO. Indium content of these
films was verified via photoluminescence (PL) measurements at room temperature as shown in

Figure 4.19 (c) and was varied from 11% to 23% by reducing substrate temperature.
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4.4.3 Summary

In summary, ozone treatment followed by annealing at 1050 °C in ambient was proven to
be an effective substrate treatment for O-face ZnO substrate. MEE technique was used to enable
low temperature growth of GaN thin films on ZnO to suppress interfacial reaction between ZnO
and nitrides. We demonstrated step flow growth of 300 nm-thick GaN films showing atomically
smooth surface morphology. However, the surface morphology eventually degraded due to the
strain built up in GaN. Nonetheless, this result is very promising and can be of potential interest
for flexible electronics and optoelectronics applications since the surface morphology degradation
can be mitigated by removing the ZnO substrate immediately after the growth. InGaN films with
In content ranging from 11% to 23% were also successfully demonstrated by changing substrate

temperature.
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4.5 Investigation of 1pm-thick InGaN Films Grown on O-face ZnO by Plasma-assisted

Molecular Beam Epitaxy

In this work, We have investigated the structural and optical quality of ~1pum-thick InGaN
films grown on ZnO using photoluminescence (PL), transmission electron microscopy (TEM), and

secondary ion mass spectroscopy (SIMS).

4.5.1 Experimental Details

Commercial O-face ZnO (0001) substrates of size 10 x 10 mm? grown by the hydrothermal
method were used for this study. An ultra-violet (UV) ozone treatment followed by annealing of
the substrate at 1050 °C was performed to obtain atomically smooth surface morphology with step
edges. The details on substrate pretreatment can be found elsewhere [139] . To ensure uniform
temperature during growth, 500 nm-thick Ti was then deposited on the backside of the substrate
via e-beam evaporation. Substrates were then cut into ~5 x 5 mm? pieces. All the substrates were
solvent (acetone, methanol, and isopropanol for 4 min each) cleaned to remove organic residues
from the surface. They were then mounted on a Si substrate by In-bonding, loaded in the molecular
beam epitaxy (MBE) exit—entry chamber, and baked for 1h at 400 °C in the buffer chamber to
remove water prior to transferring to the growth chamber. A Veeco GENxplor system equipped
with Al, Ga, and In effusion cells and a radio-frequency (RF) nitrogen plasma source was
employed for all the growths discussed here.

The surface morphology of the sample was recorded by a Bruker NanoMan atomic force
microscopy (AFM) after growth. Cross-sectional specimens for transmission electron microscopy
(TEM) study were prepared by in-situ focused ion beam (FIB) lift-out methods using a Thermo-

Fisher G4 650 Xe Plasma-FIB. Utilizing a Xe plasma ion source instead of a regular Ga source
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prevents redistribution of the Ga atoms and changes to the Ga concentration in InGaN films. For
final thinning, a 5 keV energy and 10 pA current were used.

A JEOL JEM-3100R05 TEM with a cold-field emission gun equipped with both a probe
and an imaging corrector were used for atom-resolved imaging that was operated in scanning
transmission electron microscopy (STEM) mode. Both high-angle annular dark-field (HAADF)
and bright field-images were taken simultaneously. For diffraction contrast imaging, a TF30F
TEM was used that is operated in conventional TEM mode.

The lateral composition uniformity of the InGaN films was characterized by employing a
PL spectroscopy setup with a diffraction-limited spot using 405 nm excitation at room temperature.
The PL signal was collected using a 60X 0.95 NA objective (Nikon CFI Plan Apochromat Lambda
60XC) and was analyzed using a high-resolution spectrometer (Princeton Instruments IsoPlane
SCT 320) coupled to a highly-sensitive CCD camera (Princeton Instruments Pixis: 400). The slit-
width at the entrance of the spectrometer was kept at 250 pum with the spectrometer integration
time set to 1.0 second. The PL scans were performed by keeping the laser excitation spot at a fixed

position and moving the sample by a piezo-nano-positioner stage in ~200 nm steps.

4.5.2 Results and Discussions

The growth of all the samples presented here was initiated with ~2 ML-thick low-
temperature GaN at 440 °C by MEE [139]. The substrate temperature was then increased for the

growth of InGaN film. Samples A, B, and C were prepared with ~1 um-thick InGaN film grown at
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600 °C, 580 °C, and 560 °C, respectively. In and Ga flux were tuned to achieve smooth surface

morphology while also maximizing In content in the film.
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Figure 4.20 (a)-(c) Atomic force microscopy (AFM) images (2umx2um) of the InGaN film grown on O-face ZnO
(0001) substrate with different substrate temperatures: 600 °C, 580 °C and 560 °C showing a surface roughness
of 4.45 nm, 2.6 nm, 2.92 nm. (d)-(f) Photoluminescence (PL) intensity map and (g)-(i) Histogram plot of PL
mapping of InGaN film grown on O-face ZnO (0001) substrate with different substrate temperatures: 600 °C, 580
°C and 560 °C showing increase in inhomogeneity in PL map and a shoulder peak at ~600nm (probably due to
defects) from histogram plot of PL mapping with decrease in temperature.

Figure 4.20(a)-(c) demonstrate 2x2 um?> AFM images on these samples showing spiral

hillocks, which are associated with mixed (screw and edge) threading dislocations [130]. Surface
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root mean square (rms) roughness of 4.45 nm, 2.6 nm, and 2.92 nm were measured on samples A,
B, and C, respectively. 20x20 um? or 30x30 um? PL centroid maps were measured on these
samples and are presented in Figure 4.20(d)-(f). The centroid histograms of these PL maps are
also plotted and shown in Figure 4.20(g)-(i). The histogram shows the normalized number of
events (pixels) at a specific wavelength. The scales on PL maps were varied to illustrate the lateral
wavelength variation in each sample more clearly. Sample A, grown at 600 °C, is relatively
uniform. The centroid histogram can be fitted with a unimodal bell-shape distribution with a center
wavelength and variance of 456 nm and 3.2 nm respectively. Sample B, grown at 580 °C, is also
relatively uniform. The centroid histogram can also be fitted with a unimodal bell curve having
center wavelength of 501 nm and a slightly higher variance of 4.6 nm. The average In incorporation
was estimated from the center wavelength using equation Eg=x Egn +(1-x) Egcan-1.4 x(1-x). In
incorporation in the film increased from 19.6% to 25% by reducing the growth temperature from
600 °C to 580 °C. In contrast, the PL map of sample C, grown at 560 °C, shows a non-uniform
film with PL peak varying laterally from 530 nm to 620 nm. The non-uniformity is clearly evident

from the multimodal fitting of the centroid histogram extracted from PL mapping.
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Figure 4.21 (a) AFM images (2um x 2um) of the InGaN film grown on O-face ZnO (0001) substrate at 560 °C
with periodic annealing showing a surface roughness of 3.36 nm. (b) PL intensity map and (c) histogram plot of
PL mapping of InGaN film.

In the next step, to improve the uniformity of the sample grown at 560 °C, the temperature
was raised to 730 °C every 20 min (~100 nm-thick InGaN). To prevent InGaN decomposition at
elevated temperatures, 2nm-thick GaN was grown before raising the temperature. After reaching
to 730 °C, the sample was cooled to 560 °C to grow additional InGaN. The surface morphology
was not changed significantly, and an rms roughness of 3.36 nm was measured from the AFM
image recorded on this sample (Figure 4.21(a)). As the PL map and the histogram shown in Figure
4.21 (b) and (c) demonstrate, the film uniformity was improved significantly, and a PL peak

around 542 nm was achieved.
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Figure 4.22 STEM-HAADF images taken from sample A showing (a) formation of a superlattice structure; (b) the
dislocation coalesced with thickness to decrease the dislocation density; (c) a region with poor oxide interfacial
layer formed and (d) a region without an oxide interfacial layer.

Figure 4.22 (a) is a high-resolution STEM-HAADF image taken from sample A, which
confirmed the formation of a self-assembled InGaN-GaN superlattice structure. Such a
phenomenon was recently reported by our group on InGaN films grown at similar growth
conditions on GaN [174,175,222]. However, the self-assembled superlattice structure on GaN was

composed of ~3 nm-thick GaN and ~2.4 nm-thick Ino>GaosN. This indicates that, in addition to
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the growth conditions, strain may play a role in determining the periodicity of the superlattice
structures. As mentioned in Chapter 2, compositional modulation in InGaN can occur only due
to high surface diffusion rate initiating the surface separation during growth due to the high
substrate temperature during growth [142—144,223]. Compositional modulation in InGaN may
require high lattice mismatch, which can result in a rougher surface. The rougher surface
morphology is necessary to ensure partial elastic relaxation and to allow spinodal-like
decomposition at the grown surface. However, further studies are required to fully understand the
cause of such self-assembled superlattice structures.

A low magnification STEM-HAADF image of sample A shown in Figure 4.22 (b)
revealed generation of a large density of threading dislocations at the interface. A large portion of
the dislocations was annihilated by bending and merging as the film thickness increased, leading
to a significantly lower TDD at the top layer of the 1 um-thick InGaN. Figure 4.22 (c) and (d)
show high-resolution STEM-HAADF images taken from two different regions of the ZnO-InGaN
interface. A poor-quality interfacial layer can be observed from Figure 4.22 (c) due to chemical
reactions between oxygen in ZnO and In/Ga adatoms at elevated temperatures. On the contrary,
Figure 4.22 (d) shows a clean and abrupt interface. Variation in the interface quality may be
attributed to the variation in the thickness of the low-temperature (LT) GaN grown using MEE
technique. 2 ML-thick LT GaN may not be thick enough to fully cover the ZnO surface. Hence,
in the areas that are not capped with a thin GaN film, an interfacial poor-quality oxide film grows
at elevated temperatures. Initiating the growth with a thicker LT GaN may be beneficial to maintain

an abrupt interface throughout the sample.
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Figure 4.23 Zn profile in GaN/InGaN layers on ZnO substrate SIMS data showing the Zn diffusion through the
InGaN films.

SIMS analysis (Figure 4.23) of a sample grown at similar conditions as sample A showed
a significant diffusion of Zn atoms into InGaN film, which was eventually reduced to 1x10'7 cm™
as the film thickness increased. This may be due to an exponential increase in Zn atoms diffusion
coefficient beyond 300-400 °C and a relatively high growth temperature of 610 °C. Zn substituting
Ga sites (Znga) can be a possible acceptor in Ill-nitrides [224-226]. Znga is predicted to be an
acceptor with a binding energy of 330-400meV with first principle calculation and experimental
values deducted from optical spectroscopy. Later calculations determined this value to 450 meV,
which is higher than the ionization energy of Mg acceptor. However, Zn substituting N-site (Znn)
was proposed to explain the high resistive nature of Zn doped IlI-nitrides and Zn can bond with
three electrons from the nearest donors resulting in a semi-insulating III-nitride. Therefore, Zn
diffusing to InGaN can be a candidate to make semi-insulating InGaN as a pseudo-substrate.
Additionally, growth of a thicker LT GaN could also help with the reduction of Zn diffusion and

will be studied in the future.

4.5.3 Summary

In summary, successful growth of high-quality 1um-thick InGaN with In content ranging

from 19.5% to 30.5% on ZnO substrate by plasma-assisted molecular beam epitaxy was
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demonstrated. PL analysis showed a relatively uniform InGaN composition spatially on samples
grown at 600 °C and 580 °C. Lowering the growth temperature to 560 °C led to clusters with
higher In content. The composition uniformity was recovered on this sample by periodically
raising in the temperature during the growth. High-resolution STEM-HAADF image taken from
sample grown at 600 °C confirmed the formation of a self-assembled InGaN-GaN superlattice
structure. Although STEM image showed a high threading dislocation density generated at the
substrate interface, TDD reduced significantly through annihilation of dislocations as InGaN
thickness was increased. A significant diffusion of Zn was also observed in the InGaN, which was

eventually reduced to 1x10'7 cm™ as InGaN thickness increased.
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Chapter 5 Relaxation of InGaN on Ga-polar Porous GaN on Si Substrate

5.1 Introduction

As discussed in the earlier chapters, one of the daunting challenges to achieve amber and
particularly red LEDs is the growth of InGaN with high In content with good structural and optical
properties. The difficulty of high-In-content InGaN quantum wells is due to the large lattice
mismatch (10%) and different thermal stability between InN and GaN [50,227]. Another
phenomenon that makes achieving efficient amber/red InGaN LEDs difficult is quantum confined
stark effect (QCSE), which will be discussed below. A relaxed InGaN pseudo-substrate can help
to overcome these issues as discussed earlier. For this purpose, we investigated growth of InGaN

on porousified GaN compliant template, which will be discussed in this chapter.

5.1.1 Quantum Confined Stark Effect (QCSE)
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Figure 5.1 Schematic of the spontaneous and piezoelectric induced polarization directions, and resultant electric
field in a single InGaN quantum wellbetween two GaN barriers. The InGaN is compressively strained and the
GaN layers are taken to be relaxed Courtesy: M. Wallace (2016) [228, 229]
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The use of QWs in LEDs enables carrier confinement into a small fraction of the device,
known as an active layer. Besides, the light emission wavelength can be varied by tuning the alloy
composition of the confined QW layer. The effect of strong net polarization resulting from
spontaneous and piezoelectric polarization in an InGaN/GaN QW is shown in Figure 5.1
[228,229]. In the relaxed GaN layers, there is only spontaneous polarization due to absence of
strain, while in the InGaN layer both spontaneous and piezoelectric polarizations exist. As a result,
in InGaN/GaN QWs, the strong net polarization charge at the interface results in large electric
fields, in the range of 1.5-3 MVcem! [230-232]. The relationship between the electric field and
polarization can be determined by the following Equation 5-1

Pg,p — P

spqw I

pzZ,qw

F., =
qw
ee,qw €o ge,qw €o

Equation 5-1

Where Pgpp is the spontaneous polarization of the barrier, and e.qw is the relative dielectric

permittivity of the QW material.
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Figure 5.2 Quantum confined stark effect: QW without electric field (left) and with electric field (right) Courtesy:
S. Alam [235]
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The polarization-induced electric field can introduce an inclination of the valence band and
conduction band edges in the QW [233,234]. Therefore, with the tilt in the valence and conduction
band, electrons are driven to the lower corner of the conduction band, and holes are driven to the
upper corner of the valence band. This leads to spatial separation of electrons and holes, resulting
in a decrease in an overlap of the respective wave functions, which is called the quantum confined
stark effect (QCSE) (Figure 5.2) [235]. This can reduce the recombination probability in the active
region. With higher In content, the strain increases due to the increase in lattice constant, leading
to an increase in the piezoelectric field and exacerbation of QCSE.

Therefore, to resolve these issues, introducing a relaxed InyGaixN film on porous GaN
layer as a pseudo-substrate (PS) for the growth of In,Ga;..N-based structure z>x has been proposed
[236]. This decreases the lattice mismatch between the In,Gai.,N layer and IniGaixN PS as

compared to the lattice mismatch between In.Gai..N layer and GaN substrate.

5.1.2 Porous GaN

A porous medium or material is a medium or material consisting of voids or pores instead
of being solid [237]. The term nano-porous material usually refers broadly to a material with a
pore size of 100nm or less. Depending on the characteristics length (d) of pores, nano-porous
materials can be classified as macroporous (d<2nm), mesoporous (2nm<d<50nm) and
microporous (d>50nm) materials. Porosifying a bulk solid material can affect its materials and

physical properties drastically. Micro-porous and mesoporous materials have been widely
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explored for catalysis applications due to their surface-to-volume ratio [238]. Porous Si has been

pursued extensively due to its unexpected light emission from low dimensional structures [239].
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Figure 5.3 Schematic of the electrochemical cell. Courtesy: S. Keller et al. [83]

Recently, Han research group at Yale University reported nano-porous-GaN by
electrochemically etching [240,241]. Porous GaN maintains its single crystalline behavior while
it shows different unique characteristics [237]. Nano-porous-GaN introduces optical
inhomogeneity in a way that visible light gets scattered during its propagation. Enhancement in
scattering can enhance light emitting diode (LED) performance e.g., external quantum efficiency
(EQE). Patterned mesoporous GaN can engineer the index of refraction of GaN. The elastic
modulus and hardness of nano-porous-GaN can be reduced with an increase in porosity akin to
porous Si.

The basic setup for electrochemical etching consists of (Figure 5.3):

1) A nitride-based sample which will be porosified connected to the anode.
2) An inert electrode, connected to the cathode, usually platinum
3) An electrolyte, forming an ionic conduction path between the electrodes,

e.g, oxalic acid
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4) An applied bias between the anode and cathode from a voltage or current
source [83]

Within this basic setup there are variety of choices that can be made of nitride-based sample
structures, electrolytes, and applied potential. There can be differences in physical setup, e.g.
adding a known reference electrode (e.g. Ag/AgCl) or the use of a stirrer or pump to continuously
flow the electrolyte [6].

When a positive bias (anode) is applied to the n+ type GaN sample dipped in an acid-based
electrolyte (e.g., Oxalic acid), the n+ GaN becomes oxidized by the holes in the surface inversion
layer [237,240-242]. The oxidation of GaN is an electrochemical reaction driven by holes and can
be expressed as Equation 5-2

2GaN + 6h* - 2Ga®* + N,

Equation 5-2

The oxide layer in the surface (Ga** ions) is then dissolved in a suitable electrolyte [243].
This is now accepted as the mechanism for electrochemical etching of nitrides [244,245]. Besides,

it has also been reported that if pure water is used as an electrolyte for the same electrochemical
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etching (EC) etching, the surface is oxidized but the oxide cannot be dissolved, leading to no

porosification of the nitrides [246] .

®
N

1x10%®

5x10%

Doping concentration (cm™)

Applied Bias (V)

Figure 5.4 a) Processing phase diagram for EC etching. b—d) Cross-sectional SEM images of u.i.d.
GaN/GaN:Si/u.i.d. GaN structures with different Si doping in the GaN.Si layer after porosification according to
the conditions marked by the red (b), green (c), and yellow (d) points in (a). The GaN.Si layers reacted in the
electrochemical cell under formation of porous GaN, whereas the u.i.d. layers were unaffected Courtesy: C.
Zhang et al. [237]

For an EC etching, there are two important parameters: the anodic bias and conductivity of
the layers (doping concentrations) [237]. An etching phase diagram is illustrated in Figure 5.4 (a)
showing three regions of porosification depending on these two essential parameters. Figure 5.4
(b-d) shows the dependency where the doping concentration was varied from 1x1'° to 1x10?° cm-
3, corresponding to the red, green and yellow dots in Figure 5.4 (a). The nano-porous-GaN can
show morphologies ranging from microporous (d~50nm; Figure 5.4(d)) to mesoporous (d~30nm;
Figure 5.4(c)) and approaching microporous (d~10nm; Figure 5.4b) in the upper left portion of
the phase diagram [237,242]. When applied bias voltage or the doping concentration is low, no
chemical reaction in GaN happens, and GaN remains intact (yellow region). With an increase in

the applied bias or the doping concentration, the electrostatic break starts with the injection of
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holes into certain localized hot spots, leading to porosification of the structures through localized
dissolution (blue region). At a higher applied bias or doping concentration, electropolishing or

complete etching occurs (purple region) [237,242]

5.1.3 Relaxed InGaN on Porous GaN by MOCVD

400 nm GaN:Si

2pm GaN on sapphire 2pm GaN on sapphire

(a)
A
h |“““H
\ 4

Figure 5.5 . (a) Sample consisting of 200 nm InxGai-xN (x = .08) on top of 400 nm of GaN:Si with a doping of 5
x 10" em™3 , on 2 um thick u.i.d. GaN base layers on sapphire substrate. (b) Sample structure after patterning
into 2, 5, or 10 um wide and 2 mm long fins, (c) followed by a doping selective electrochemical etch, leading to
porosification of the GaN.:Si layer. (d) Top view representative schematic (not to scale) of the 2 mm *x 2 mm die
after patterning and dry etch, (e) SEM image of the edge of the die. Courtesy: S. S. Pasayat [78]

Recently S. S. Pasayat et al. [78,79] reported a novel technique, which can enable elastic
uniaxial and biaxial relaxation of a GaN stripe and tiles buried underneath InGaN, respectively, in
the micron regime (1-10 um) without substrate transfer and with the capability of using
conventional substrates e.g., SiC, sapphire and Si etc. They developed a recipe to porosify the
GaN:Si interlayer to allow relaxation of (In,Ga)N layer on top of it, which was biaxially strained
to GaN before porosification (Figure 5.5) [78]. The porous GaN mechanical stiffness reduces with
an increase in porosity due to high surface-to-volume ratio. The degree of relaxation of the top

InGaN layer is strongly dependent on the nano-stripe width in addition to the applied voltage in
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the EC cell. In addition, the InGaN relaxation was confirmed to increase with increasing degree of
porosification of the embedded porous GaN layer and decreasing tile size [78]. The relaxation
perpendicular to stripe direction increased with a decrease in nano-stripe width. Interestingly, a
small relaxation (~10%) was observed along the stripe direction as well (Figure 5.6). These
observations corroborated the importance of free sidewall surface for the relaxation process. With
the narrower stripe, the top InGaN layer can expand perpendicular to the stripe direction, leading
to relaxation of InGaN by releasing strain. Since a decrease in stripe-width increases relaxation, it
shows higher relaxation at a higher aspect ratio similar to nanostructures e.g., nanopillars and
nanostrips. Similarly, decreasing the tile size of the PS of relaxed InGaN regrowth leads to higher
relaxation. Figure 5.6 shows that with an increase in porosification voltage, the relaxation of the
InGaN top layers increased [78]. This shows the comparison of relaxation parallel and

perpendicular to the fin [78-80] .

100 P |
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—@— Lto5pm fins

oty 110 10 pm fins

== [l to2pm fins

—0— [Ito 5 pm fins

InGaN Relaxation %

gy |Ito 10pm fins

40

Voltage applied (V)

Figure 5.6 Degree of relaxation perpendicular and parallel to the fins versus applied voltage for samples with
varying fin widths Courtesy: S. S. Pasayat [78]
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800 nm GaN:Si
2pm GaN on sapphire

Figure 5.7 (a) Sample consisting of 200 nm InxGai-xN (x = 0.08) on top of 800 nm of GaN:Si with a doping of 5
x 108 em™3 , on 2 um thick u.i.d. GaN base layers on sapphire substrate. (b) Sample structure after patterning
into 10 um % 10 um square tiles, followed by a doping selective electrochemical etch, leading to porosification of
the GaN:Si layer.(c) Top view representative schematic (not to scale) of the 2 mm x 2 mm die after patterning and
dry etch, (d) SEM image of the edge of the die. Courtesy: S. S. Pasayat [78]

A fin structure showed primarily in uni-axial relaxation and then the pattern was modified
to 10 um x 10 um square tiles (LLED regime) to enable bi-axial relaxation. They also reported the
compliant nature of the InyGaixN PS on porosified GaN:Si tiles (shown in Figure 5.7), which can
enable elastic relaxation instead of plastic relaxation of bulk In,Gai_.N regrowth by metal organic
chemical vapor deposition (MOCVD) on relaxed InyGai«xN on porous GaN PS [78,79,86].
InGaN/GaN MQWs regrown on porous PS with tiled geometry resulted in a redshift of 45nm with
respect to MQWs grown on reference planar GaN on sapphire. However, V-defects were observed
on InGaN on GaN PS, which are very typical for InGaN films grown by MOCVD [247]. These

surface V-defects can cause issues with scalability and reliability.
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Figure 5.8 (a) Sample consisting of 200 nm InxGai-xN (x = 0.08) on top of 800 nm of GaN:Si with a doping of 5
x 1018 ecm™3 , on 2 um thick u.i.d. GaN base layers on sapphire substrate. (b) Sample structure after patterning
into 10 um % 10 um square tiles, followed by a doping selective electrochemical etch, leading to porosification of
the GaN:Si layer.(c) Top view representative schematic (not to scale) of the 2 mm x 2 mm die after patterning and
dry etch, (d) SEM image of the edge of the die Courtesy: S. S. Pasayat [85]

800nm n*doped GaN

2.8um UID GaN

Sapphire

After observing the compliant nature of the thin (In,Ga)N layer above porous GaN tiles,
recently, they have substituted a square patterned compliant (In,Ga)N by GaN to improve the
surface morphology and decrease the V-defects (Figure 5.8) [85]. Compliant GaN on porous GaN
pseudo-substrates (PS) can be used an universal substrate for growth of relaxed (In,Ga,Al)N
materials. The higher In or Al incorporation in these (In,Ga,Al)N films is higher than that of GaN
on sapphire substrate due to composition pulling effect [248]. Recently, there have been several
attempts to regrow relaxed or partially relaxed InGaN or AlGaN layers on these compliant GaN
on porous GaN pseudo-substrates by MOCVD [78,83-86,249,250]. By growing InGaN on UID
GaN on porous GaN tiles by metal-organic chemical vapor deposition (MOCVD), Pasayat et al.
[86], demonstrated 65% relaxed Ino.11GaogoN corresponding to fully relaxed Inoo7Gao.osN.
However, MOCVD growth of thick InGaN layers is challenging due to the high vapor pressure of
nitrogen over InGaN and its low thermal stability. In addition, MOCVD InGaN films often exhibit

V-defects. InGaN regrowth on porous GaN by molecular beam epitaxy was recently reported by
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Wurm et al. [251]. An extensive study of InGaN regrowth on porous GaN by MBE is still to be

performed.

5.2 Demonstration of 82% Relaxed Ino.1sGaos2N on Porous GaN Pseudo-substrate by

PAMBE

In this work, the impact of film thickness on relaxation was studied along with different
types of compositionally graded InGaN epi-structures [68]. The surface morphology and crystal
structure of regrown InGaN were studied by atomic force microscopy (AFM). Strain relaxation
and In-content in InGaN were studied by off-axis X-ray diffraction reciprocal space mapping
(XRD-RSM). The MBE InGaN films exhibited spiral surface morphology free of V-defects.
InxGa1xN/InyGaiyN multi-quantum wells (MQWs) grown on the PAMBE-grown InGaN-on-
porous- GaN tiles by MOCVD showed a clear 85nm redshift in comparison to those grown on
planar InGaN on GaN. Additionally, the impact of the degree of porosification on the dislocation

density of regrown InGaN was studied by scanning transmission electron microscopy (STEM).

5.2.1 Experimental Details

Porous GaN:Si

\ Relaxed InGaN

é UID GaN

UID GaN Buffer

UID GaN UID GaN

UID GaN Buffer

UID GaN Buffer

Figure 5.9 Shchematic of Porosification and regrowth of InGaN on porous GaN on GaN PS by MBE

For simplicity, GaN-on-porous GaN tiled pseudo-substrates will be referred to as “PS”.

Commercially grown GaN/GaN:Si/GaN (2 um/0.8 um/0.1 um) on Si substrates were used in this
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study. The process flow to obtain the final relaxed InGaN layers grown on PS (Figure 5.9) is laid
out as such: (i) patterning of 10 pm % 10 pm tiles and 6 pm x 6 um tiles of GaN on Si substrates;
(i) porosification of GaN:Si layer by EC etching; and (iii) PAMBE growth of GaN/InGaN. 10 x
10 pm? and 6 x 6 pm? tiles with 2 um and 1 pum spacing between them, respectively, were defined
by reactive ion etching (RIE) using a 100 W BCl3/Cl; etch chemistry. The RIE etch defining the
tiles went through the top 0.1 um GaN:UID layer and approximately 0.45 um into the GaN:Si
layer. Porosification of the GaN:Si layers was done in a 0.3M oxalic acid solution, where the
GaN:Si layer acted as the anode and a Pt wire in the solution acted as the cathode. It is important
to note that the top 100 nm UID GaN layers are not porosified as they are meant to provide a
smooth surface for subsequent MBE regrowth. Doping and electro-chemical etch conditions in
this study were similar to past work from Pasayat et. al. [78], which resulted in 50%—60%
porosification of the GaN:Si layer. Following porosification, the samples were subjected to a
solvent clean and hydrofluoric acid (HF) dip prior to MBE growth.

In this study PAMBE growth was carried out using a Veeco GENxplor MBE system
equipped with conventional Ga, Al, In effusion cells and a radio frequency (RF) plasma source to
supply activated nitrogen. The substrates were first solvent cleaned (acetone, methanol, and
isopropanol for 4 min each) to remove organic residues from the surface, and then mounted on a
Si substrate using molten In before being loaded in the MBE exit-entry chamber. An hour of baking
in the load lock chamber was performed at 200 °C followed by an hour of baking at 400 °C in the
buffer chamber to remove any water prior to transferring the substrate to the growth chamber.
During the growth, the substrate temperature was measured and monitored using a thermocouple.
The growth was monitored in situ via reflection high-energy electron diffraction (RHEED). 1

SCCM of 99.9995% pure N2 was supplied via an RF plasma source powered at 350 W, which
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corresponds to a growth rate of ~5.8 nm/min for GaN in a metal-rich growth regime. Background
pressure in the chamber during growth was approximately 1 x 107 Torr.

To attain uniform surface morphology for InGaN regrowth by PAMBE, all growths in this
study were initiated with a 30 nm thick GaN buffer layer grown at 740 °C with a Ga beam
equivalent pressure (BEP) of 6.4 x 10”7 T, which corresponds metal (Ga)-rich conditions. Excess
Ga was desorbed after GaN growth by closing the Ga shutter while keeping the N-shutter open.
Following the initial GaN growth, the substrate temperature was lowered to approximately 610 °C
while interrupting the growth for 20 min to allow for temperature stabilization [218,252]. InGaN
growth was then carried out under metal (In)-rich conditions [175,222]. Following InGaN growth,
the sample was capped with approximately 4 nm of GaN grown at 610 °C to protect the InGaN
layer during the regrowth of high-temperature InxGa1.xN/InyGai.,N MQW by MOCVD. A streaky
RHEED pattern was recorded on the sample during and after the growth ended, confirming an
atomically smooth surface morphology.

Several InGaN samples were first grown on planar substrates for calibration. Afterward,
several samples were grown to study surface morphology, composition, strain, and relaxation of
InGaN films grown on GaN PS and to optimize the growth parameters and porosification of tiles.
MQW regrowth on the MBE InGaN base layer was performed by atmospheric pressure MOCVD
using triethylgallium (TEG), trimethylindium (TMI), and triethylindium (TEI) as group-III
precursors and ammonia as the nitrogen precursor. The regrown MQW structure consisted of 3
InGaN QWs, which were grown at 810 °C with TMI as the In precursor, and Ino.0sGao.osN barriers
grown at 830 °C with TEI. All layers were deposited using N> as the carrier gas.

The surface morphology of every sample was characterized post-growth by atomic force

microscopy (AFM) using a Bruker NanoMan atomic force microscopy (AFM) tool. Off-axis,
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[1124] reflection, and x-ray diffraction (XRD) (©-260)-m reciprocal space map (RSM) scans were
also carried out using a Philips X’PERT MPD X-ray source, which has a Philips high intensity
ceramic sealed 3kW tube that produces a wavelength of 1.5405 A for Cu Ka. Composition and
relaxation were determined from the experimental XRD—RSM data using X-Pert Epitaxy software.
The new in-plane lattice constant (anew) was calculated from Equation 5-3 Vegard’s law taken from

S. Pereira et. al. [253]

Apew = 3.1893 X {1 - (x,n X %)} + 3.538 X xp, X 11(;;0
Equation 5-3
where 3:1893 A and 3:538 A are the relaxed in-plane lattice constants for GaN and InN,
respectively. xi, and R refer to the In-composition and relaxation values extracted from the RSM
scans respectively. In determining a,.,, from Eq. (1) using the R and x;,, values extracted from
XRD-RSM data, the equivalent fully relaxed In composition (Xm.equiv.) can be determined by
setting R = 100%, Xm = Xin,equiv. In Eq. (1) and solving for Xin equiv..

Scanning transmission electron microscopy (STEM) study on a cross-sectional specimen
was prepared on the sample with the thickest (~1 um) InGaN on PS. STEM sample prep was
performed using an in situ focused ion beam (FIB) lift-out method performed using FEI Helios
450 and was thinned to electron transparency. A Hitachi HD2300 STEM system was used for
imaging the microstructures of the specimen. The microscope was operated at 200 keV in STEM
mode with lens settings that define a probe smaller than 0.1 nm. Annular dark-field (HAADF)
imaging was performed together with bright-field (BF) imaging simultaneously.

To examine light emission from active regions grown on relaxed PS, room temperature
photoluminescence (RT PL) was carried out on samples with MOCVD grown MQWs using a 325

nm He-Cd laser source.
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5.2.2 Results and Discussions

4 nm GaN 4 nm GaN

4 nm GaN 110 nm Iny ;GayoN

1 um Graded In,Ga,,N
x=0.02-0.1

180 nm Ing ;Gag gN 70 nm Ing sGag g4N

30 nm MBE GaN 30 nm MBE GaN 30 nm MBE GaN

100 nm GaN 100 nm GaN

(b) (c)

Figure 5.10: Schematic of GaN/InGaN/GaN grown on GaN PS with different tiles size of 10 um x 10 um (sample
Al1-A3) and 6 um x 6 um(sample B1-B3) for samples A1, Bl (a), samples A2, B2 (b) and samples A3, B3 (c).

Schematics of epi-structure grown in this study are shown in Figure 5.10. For samples A1-
A3 InGaN films were grown on PS GaN with 10 pm x 10 um tiles spaced 2 um apart whereas for
sample B1-B3, InGaN films were grown on PS GaN with 6 pym x 6 um tiles spaced 1 um apart.
For both samples Al and B1, Ino.1GaooN (180 nm) films were grown on GaN PS and for samples
A2 and B2, Ing.1Gag.oN (110 nm)/ Ing.06Gao.04N (70 nm) films were grown on GaN PS at a substrate
temperature of 610 °C. In incorporation was changed from Ino.06Gao.oaN (70 nm) to Ing.1Gao.oN
(110nm) by decreasing the Ga flux gradually with a decrease in Ga cell temperature with 1 °C/min
ramp rate. For samples A3 and B3, a I pm InxGai«xN layer was grown where xi, was graded from
0% to 20% by decreasing Ga flux by reducing Ga cell temperature and increasing In flux by

increasing the In cell temperature with a 1 °C/min ramp rate.
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Figure 5.11: 2 um x 2 um AFM images of (a-c) InGaN grown on GaN PS for sample A1-A3 with tiles size of 10
um x 10 um and (d-f) sample B1-B3 with tiles size of 6 um x 6 um. Sample Al (a), sample A2 (b) and sample A3(c)
show surface roughness of 2.68 nm, 2.16 nm and 3.93 nm, respectively. Sample B1 (d), sample B2 (e) and sample
B3 (f) show surface roughness of 1.99 nm, 2.4 nm and 5.08 nm, respectively. The RMS roughness shows that with
increase in grading and thickness, surface roughness and dislocation density increases.

Figure 5.11 (a-c) and (d-f) show the surface morphology of InGaN films grown on GaN
PS with 10 pum x 10 um tiles (sample A1-A3) and 6 pm x 6 um tiles (sample B1-B3), respectively.
The surface root mean square (RMS) roughness extracted from AFM for samples A1, A2, and A3
were found to be 2.7 nm, 2.2 nm, and 3.9 nm, respectively. The surface RMS roughness on samples
B1, B2, and B3 were found to be 2 nm, 2.4 nm, and 5.1 nm, respectively. All of the samples
exhibited spiral hillocks, which radiate around screw and mixed-type dislocations, which is
characteristic of III-nitride growth in the metal-rich growth regime [130,254]. Samples with a total
thickness of 180 nm (samples A1, A2, B1, and B2) showed smooth surface morphology with

clear step edges as observed by the AFM images. On the other hand, samples with ~1pum-thick
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InGaN (samples A3 and B3) showed an increase in spiral hillock density, indicating an increase
in the dislocation density. Interestingly, none of the samples showed V-defects, pits or cross-
hatching like features on the surface, which were observed previously in InGaN films grown on

GaN PS by MOCVD or PAMBE [84,251].

Qy*10000frky

(d) (e) 0

Figure 5.12 X-ray diffraction-reciprocal space mapping (XRD-RSM) scans toward [1124] direction for (a-c)
sample A1-A3, InGaN grown on GaN PS with 10 um x 10 um tiles size and (d-f) sample B1-B3, InGaN grown on

GaN PS with 6 um x 6 um. The vertical dashed line running down from the GaN peak shows the strain line while
the other tilted dashed line is the fullv relaxed line.
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Figure 5.12 shows the XRD-RSM toward the [1124] direction for all of the samples

discussed earlier. The relaxation for samples A1, A2, and A3 were calculated to be 26.1%, 35.7%,

and 95.1%, respectively, corresponding to an Xin equiv. of 2.94%, 6.12%, and 10.43%, respectively.

Table 5-1 Sample information and results for each sample in this study. From left to
right, each column corresponds to the sample name, tiles size, InGaN thickness, extracted In
incorporation from XRD-RSM, relaxation, new in-plane lattice constant, equivalent relaxed In
composition calculated from Equation 5-3and surface roughness value extracted from 2 um x 2
um AFM scans. Tiles size correspond to the size of each of the tiles after EC.

Sample Tile size (um x | Thickness [Xim(%) [R (%) [anew (A) | Xin, equiv  [RMS (nm)
Name pum) (nm) (%)
Al 10x 10 180 11.3 |26.1 3.2 2.94 2.68
A2 10x 10 180 17.2 |35.7 | 3.211 6.12 2.16
A3 10x 10 1000 11 95.1 | 3.226 10.43 3.93
Bl 6x6 180 9.5 [53.6 |3.207 5.08 1.99
B2 6x6 180 10.5 |56.7 | 3.21 5.93 2.4
B3 6x6 1000 18.1 |81.2 | 3.241 14.6 5.08

To study the impact of tile size on relaxation and In incorporation in InGaN, similar

structure samples B1-B3 were grown on GaN PS with a tile size of 6 um x 6 pm. The relaxation

for samples B1, B2, and B3 were calculated to be 53.6%, 56.7%, and 81.2%, respectively,

corresponding to an Xmequiv. Of 5.08%, 5.93%, and 14.6%, respectively. The detailed and
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systematic comparison of all of the samples in this study are given in Table 5-1.

Figure 5.13: Annular dark field (ADF) Scanning transmission electron microscopy (STEM) image of graded
InGaN grown on GaN PS. The yellow region shows incomplete porosification in GaN.:Si layer whereas the green
region shows complete porosification in GaN:Si layer. The 1 ~um thick InGaN shows the InGaN grown on the
green region shows less dislocation whereas InGaN grown on the yellow region shows a lot more dislocation due
to incomplete porosification.
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Figure 5.13 shows the ADF STEM image recorded on sample B3 showing stronger EC in
the edge region compared to center region. This non-uniform EC may be related to the EC
conditions. The InGaN layer above the porosified regions with strong EC etching showed
negligible dislocation generation whereas the InGaN near the center of the tile with weaker EC
etching exhibited a high density of dislocations. These dislocations may lead to the large number
of spiral hillocks in the surface morphology on sample B3 (Figure 5.11 (f)). The surface
morphology and dislocation density may be decreased by optimizing the porosification conditions,

making the porous GaN layer more uniform.

126



nm

400.0 nm
(a) (b)

Figure 5.14: 2 um x 2 um AFM images of (a) InGaN on GaN PS with 6 um x 6 um tiles size (sample Bl) (b)
GaN/InGaN MQOW grown by MOCVD on relaxed InGaN re-grown on GaN PS with 6 um x 6 um tiles size. The
surface morphology showed a small increase in RMS roughness from 1.99 nm to 2.7 nm.

Figure 5.14 (a) shows 2 pm x 2 pm AFM images of sample B1 (InGaN grown on 6 um x
6 um tiles), which showed relatively smooth surface morphology and step edges. Subsequent
MOCVD-growth of GaN/InGaN MQWs on a sample grown under the same conditions as B1 was
carried out. The GaN/InGaN MQW structure growth is described above. A planar GaN on sapphire
template wafer was co-loaded for reference. Figure 5.14 (b) shows the AFM images of the MQW
structure, which exhibited a somewhat increased surface roughness compared to B1 (RMS value
went from 2.0 nm to 2.7 nm after MQW growth). However, no significant V-defect formation after
the InGaN/GaN MQW was observed, showing that the fabrication of relaxed InGaN films on GaN
PS by PAMBE can be useful for growing InGaN/GaN MQW for LED applications [250].

Figure 5.15 shows the RT PL emission from the MQWs grown on InGaN on GaN PS in
comparison with blue reference MQW and MQW grown on planar InGaN on GaN. The
GaN/InGaN MQW grown on relaxed InGaN on GaN PS with 6 pm x 6 um tiles showed bright

luminescence at 565 nm. As shown in Figure 5.15, the peak PL intensity of the MQWs grown on
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InGaN on PS (black solid curve) is comparable to standard MOCVD grown blue MQWs (blue
curve). The wider FWHM of the PL spectra from MQW on InGaN on GaN PS is likely due to the
presence of spiral hillocks leading to lateral variation in In incorporation [255-257]. The MQWs
grown on InGaN tiles showed an 85 nm redshift from MQWs grown on planar GaN. The MQWs
grown on planar InGaN on GaN exhibited a peak PL intensity 5 times lower than MQW grown on
tiles. The decrease in emission from the MQWs on planar InGaN can be related to the defect
formation due to plastic relaxation of planar InGaN on GaN template [258-260] . However,
determining the reason is beyond the scope of this manuscript. Therefore, for the MQWSs grown
by MOCVD, In-incorporation in InGaN QWs was increased on the InGaN-on-GaN PS due to the

partial relaxation of the InGaN base layer grown by PAMBE. The enhanced In-incorporation and
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redshift is due to the partially relaxed InGaN base layer with a new in-plane lattice constant higher

than that of GaN.
60000
Blue reference MQW
50000
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< 40000
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On planar corresponding to
10000 MBE InCaN X~ 5.5%

400 450 500 550 600

wavelength (nm)

Figure 5.15: The black line shows strong photo-luminescence (PL) from the MOW grown on InGaN on GaN PS
with 6 um x 6 um square tiles size. The black dashed line shows PL from the MOW on MBE planar InGaN on
GaN. The blue line shows PL from a blue reference MOW.

5.3 Summary

In conclusion, the influence of InGaN film thickness and various graded layers with
different composition on the relaxation of InGaN layers, which were grown by PAMBE on GaN-
on-porous-GaN PSs was investigated. lum thick Ing18Gaos2N with grading showed 82%
relaxation, which is equivalent to 15% fully relaxed In incorporation. It was also observed that
high-quality InGaN growth is associated with the degree of porosification of the GaN:Si layer.
MOCVD grown MQWs on InGaN on porous GaN redshifted ~85 nm in comparison with MQW's

grown on planar GaN. The developed method is an attractive pathway for the fabrication of high
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In content InGaN layer structures for efficient red-LEDs and especially micro-LEDs for future

displays.
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Chapter 6 Selective Area Growth of III-Nitride Nanowires (NWs)

6.1 Introduction

[II-nitride nanowires (NWs) can be grown without the formation of defects and
dislocations [261-263]. Due to their significantly small dimensions, III-nitride NWs can be
utilized for scaling down future electronic and optoelectronic devices e.g., field effect transistors
(FET)s [264-266], gate all-around field effect transistors (GAAFET), Fin-FETs [267,268],
junction-less nanowire transistors (JNTs) [269,270], photodetectors [266], u-LED [271], etc. GaN
nanowires (NWs) have attracted interest as they can be grown dislocation- and strain-free on
foreign substrates such as Si (100), (111) as well as AlbO3 in a self-assembled (SA) way by
molecular beam epitaxy (MBE) [272-274] and metal organic chemical vapor deposition
(MOCVD) [275-281]. The term “self-assembled” means the formation of NWs does not need a
foreign catalyst. SA GaN NWs are usually grown under N-rich conditions at a growth temperature
beyond the onset of GaN decomposition temperature. They typically grow axially toward the c-
direction and form a hexagonal cross-section with m-plane side facets. SA GaN NWs grown on
foreign substrates (e.g. sapphire and silicon) have better structural and optical properties compared
with thin films grown on these substrates. Since NWs are intrinsically strain free, NWs are usually
defect free and have large surface to volume ratio [282—-284]. Moreover, InGaN/GaN superlattices
grown on GaN NWs can accommodate a higher amount of strain than those grown on GaN films
due to strain relief by lateral relaxation without the formation of dislocations and defects [132,285].

Despite these advantages, SA InGaN/GaN NWs suffer from inhomogeneity in axial and

radial In incorporation as well as geometry dispersion and inherent In composition fluctuations
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due to localizations, which result in random polychromatic emission in optoelectronics devices

such as light-emitting diodes (LEDs). Additionally, LEDs based on InGaN/GaN NWs suffer from

Figure 6.1 (a) Schematic of a N-polar GaN template grown on sapphire substrate. (b) Schematic of a patterned
N-polar n-GaN template on sapphire using Ti mask. Courtesy: X. Liu et al. [297].

electric dispersion mostly because of fluctuations in the diameter of and spacing between SA NWs.

To address these issues, selective area growth (SAG) has been developed, which allows
precise control of size and position of the NWs [286-288]. Therefore, a densely packed
geometrical array of high aspect ratio NWs without any surface, structural or optical dispersion
can be achieved using this technique. Additionally, precise control over the NW’s diameter allows
for tuning the emission wavelength of optoelectronic devices [289-293]. In order to attain
selectivity, the Ga atoms reaching the mask surface should either desorb from the mask or diffuse
to the nearest hole to contribute to the NW’s growth. SiNy, SiO2, Ti and Mo have been successfully
used as mask materials for SAG growth of GaN NWs [287,288,294-296]. A schematic of the
patterning process is shown in Figure 6.1 (a) and (b) [297]. After patterning the substrate using
lithography [287,297-304], the mask is etched using reactive ion etch (RIE) followed by several
wet and dry-cleaning processes to remove residual photoresist, organic contaminants, and native
oxide [297,298]. When Ti is used as the mask, the growth initiates with nitridation and TiN is used

to achieve selectivity of NWs [287].
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Although SA GaN NWs grown on Si (111) by MBE typically have N-polarity, SAG of
GaN NWs have been mostly studied on Ga-polar GaN templates [289,291,301,305,306] while
SAG of N-polar GaN NWs has been less explored. Recently, it was shown that LEDs based on N-
polar NWs demonstrated improvement in performance in comparison with Ga-polar
nanostructures [297,307]. The better performance of LEDs based on N-polar NWs is probably
because they can be grown at relatively higher temperatures than Ga-polar NWs, which can help
to reduce point defects and improve crystal quality [308—312]. Reduction of point defects is critical
for increasing emission efficiency in the optoelectronic devices ranging from the deep UV region
to the infrared (IR) region [313]. Additionally, N polar NWs have a flat top surface, whereas
pyramids form on top of Ga-polar NWs [314]. The flat top surface on N-polar NWs can be
potentially helpful for some devices such as FETs. In addition, since better selectivity can be
achieved in SAG of N-polar NWs, larger pitch spacings can be obtained in SAG of N-polar NWs
compared with that in Ga-polar NWs [315], which also enables less shadowing effect. Moreover,
N-polarity can potentially lead to reduced electron overflow, lower stark effect, and lower turn-on

voltage in LEDs [171].
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Brubaker et. al. [298] showed SAG of N-polar GaN NWs on an N-polar GaN/AIN template
on Si (111) grown by MBE. For this purpose, they first grew an N-polar AIN nucleation layer in a
Al-rich growth regime by introducing a planar boundary and inversion layers [298,316-318],
followed by growth of N-polar GaN film. This required precise control of the Al-Si eutectic
formation to enable perfect planar polarity inversions [317,318]. However, defects coming from

Al-Si eutectic formation and inversion domains were present in N-polar nanowires.

200 nm

f

1000 nm

Figure 6.2 Selective-area NW growths on N-polar GaN/AIN/Si(111) templates. The nucleation layer polarity was
verified by a 3 x3 RHEED pattern after growth and prior to removal from the MBE system for mask fabrication.
Nanowires with flat c-plane tips and mplane sidewall facets are produced in smaller mask openings (0.5 um pitch,
100 nm diameter) patterned by e-beam lithography (a,b). Interior void regions are observed in larger mask .
openings with circular (c, d) Courtesy: M. D. Brubaker et al. [320].

The N-polar GaN template was then used as the template and patterned for the subsequent
SAG NWs. [298,319]. A 70nm-thick SiNy film was used as the growth mask for SAG in this work.
High-quality NWs were produced with a mask opening of 500nm pitch and 100nm diameter,

whereas NWs with larger diameter presented irregular facets and interior voids (Figure 6.2) [320].
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This was attributed to an increase in decomposition and suppressed growth rate at grain boundary
regions. N polar NWs showed long range selectivity than Ga-polar, which may be due to high
growth rate of N-polar GaN NWs than that of Ga-polar counterparts. Besides, the growth rate of
N-polar NWs was similar to the growth rate of planar GaN films, whereas significantly lower
growth rate was observed for Ga-polar NWs compared to their planar counterparts [298]. The
higher growth rate for N-polar GaN NWs may be related to low surface decomposition processes

at high growth temperature for N-polar.

6.2 Selective-area Growth of GaN and AlGaN Nanowires on N-polar GaN Templates with

4° Miscut by Plasma-assisted Molecular Beam Epitaxy

There have been few studies about SAG of N-polar GaN NWs, and all of them were grown
directly on on-axis Si and sapphire substrates [298,316,317,320,321]. The main challenge of
growing N-polar NWs was unavailability of N-polar GaN templates. In this study, MOCVD grown
N-polar GaN-on-sapphire templates were used for SAG of N-polar (ALLGa)N NWs. Since high-
quality growth of N-polar GaN templates by MOCVD requires miscut substrates [322-325], the
templates used in this study have 4° miscut toward the sapphire a-plane, which leads to GaN miscut
toward the a-plane ({1100}) and surface steps parallel to the GaN <1120> direction. The impact
of growth temperature on the growth rate (both axial and radial) and growth selectivity was

investigated and compared to NWs grown on Ga-polar GaN templates.

135



6.2.1 Experimental Details

Figure 6.3 Direction of E-beam lithography pattern, which is necessary for coalescing of sidewalls and uniform
growth

Ga-polar and N-polar GaN-on-sapphire templates were used for SAG of NWs. First, 500
nm Ti was evaporated on the backside of the template to ensure uniform temperature during the
growth. Then, 10 nm Ti was deposited on the frontside of the template as a mask. The sample was
then cleaned with solvents (acetone, methanol, and isopropanol) for 4 mins each and hydrochloric
acid (HCI) for 10 mins. Next, PMMA950 A4 was spin-coated on the sample and baked at 180 °C
for 3 mins, followed by the E-beam lithography using JEOL JBX-6300FS System. The hexagonal
patterns need to be toward the specific direction shown in Figure 6.3. The direction is important
for coalescing of the hexagonal nanowires and for promoting lateral growth. The NW patterns
have different diameters (h) and spacings (a), including h =75 nm and a = 125 nm; h= 100 nm and
a =150 nm; h =150 nm, a = 200 nm; h = 200 nm, a =250 nm. Nine 50 um x 50 um dices with
different diameters and spacings were patterned in 5 mmx5 mm pieces of both Ga-polar and N-
polar GaN templates (Figure 6.4). After that, the sample was developed in the MIPK/IPA for 90

seconds. Then 10 nm-thick Ti was etched via fluorine-based chemistry using LAM9400 for 240s
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and soaked in AZ 400T for 2.5 hrs at 80 °C. After the sample inspection under SEM and

measurement of patterned Ti mask size, the sample was cleaned again with HCI for 10 mins.

Diameter (h)=50nm ' Diameter (h)=50nm Diameter (h)=75nm
Spacing (a)=5pum Spacing (a)=10um Spacing (a)=5um

/V i
Area: 50pmx 50um

Diameter (h)=75nm Diameter (h)=100nm Diameter (h)=100nm
Spacing (a)=10pm Spacing (a)=5pum Spacing (a)=10pm

Diameter (h)=125nm = Diameter (h)=125nm Diameter (h)=150nm
Spacing (a)=5um Spacing (a)=10pym Spacing (a)=5um

For SEM inspection: notice this die is asymmetric.

Figure 6.4: Schematic of 50 um x 50 um dice with different diameters and spacings. The die is asymmetric, which
was used for SEM inspection of the pattern.

All samples were grown by a Veeco GENxplor MBE system equipped with conventional
Ga, Al, In effusion cells and a radio frequency (RF) plasma source to supply activated nitrogen.
The substrates were first solvent cleaned (acetone, methanol, and isopropanol for 4 min each) to
remove organic residues from the surface, and then mounted on a Si substrate by In bonding before
being loaded in the MBE exit-entry chamber. An hour of baking in the load lock chamber was

performed at 200 °C to remove residue contamination from cassette and wafer blocks. An hour of
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baking was performed at 400 °C in a buffer chamber to remove any water prior to transferring the
substrate to the growth chamber. During the growth, the substrate temperature was measured and
monitored using a thermocouple. The growth was monitored in situ via reflection high-energy
electron diffraction (RHEED). Active nitrogen was supplied by 0.3 SCCM of 99.9995% pure N>
via a VEECO RF plasma source powered at 350 W.

The patterned substrate with Ti mask was first nitridated in-situ at 400 °C for 10 min to
avoid crack formation in the Ti mask during growth. GaN was then grown for 6 h using Ga beam
equivalent pressure (BEP) of 2 x 10”7 Torr and the plasma condition mentioned above at different
temperatures ranging from 800 °C to 880 °C. Five different samples were grown starting with a
growth temperature of 800 °C, 820 °C, 830 °C, 850 °C, and 880 °C, which will be referred to as
samples A, B, C, D, and E, respectively. For all samples, the growth temperature was increased by
10 °C every 2h. Therefore, the final growth temperatures for samples A, B, C, D, and E were 820
°C, 840 °C, 850 °C, 870 °C, and 900 °C, respectively. Under optimized conditions with specific
substrate temperature and Ga flux, epitaxy of GaN was suppressed on the surface of Ti mask due
to the high desorption rate of Ga adatoms, thereby allowing for growth only in the mask openings.

After the initial 6 hours of GaN growth, the substrate temperature was lowered 20 °C from
the final GaN growth temperature for the subsequent AlGaN growth. The AlGaN growth
temperatures for samples A, B, C, D, and E were 800 °C, 820 °C, 830 °C, 850 °C, and 880 °C,
respectively. The AlGaN layer was grown for 30 min with Ga and Al BEP of 1.7 x 10”7 Torr and
3 x 10" Torr, respectively. Samples were then characterized by Hitachi SU 8000 In-line FE-SEM,
which has top-down and 45° tilted views. Cross-sectional specimens for transmission electron
microscopy (TEM) study were prepared by in situ focused ion beam (FIB) lift-out methods using

a Thermo-Fisher G4 650 Xe Plasma-FIB (P-FIB). For final thinning, a 5-keV energy and 10-pA
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current beam were used. A Thermo-Fisher Talos 200F transmission electron microscope was used,
operating in scanning transmission electron microscopy (STEM) mode. Both high-angle annular

dark-field (HAADF) and bright-field (BF) images were taken simultaneously.

6.2.2 Results and Discussions

1:00um _ [ ok 1007 mimsiook 100 2 0KV 10 7mm Lx120k

h=100 nm and h=150 nm and h =200 nm and
a=125nm a=150 nm a=200 nm a=250 nm

Figure 6.5: SEM images of the GaN grown for 6 hrs with NWs for sample A with different diameters (h) and
spacings (a): (a), (e) h=75 nm and a= 125 nm; (b), (f) h=100 nm and a=150 nm, (c), (g) h=150 nm, a=200 nm,
(d), (h) h =200 nm, a=250 nm. (a)-(d) and (e )-(h) show N-polar and Ga-polar GaN NWs, respectively. This shows
Ga-polar NWs show homogeneity even for smaller diameter.
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Figure 6.5 shows SEM images of N-polar (a-d) and Ga-polar (e-h) GaN NWs with
different diameter (h) and spacing (a) for sample A after 6 hours of GaN growth. SEM images in
Figure 6.5 (a-d) shows that with a decrease in diameter the homogeneity decreased for N-polar
and with diameter below 100 nm, the N-polar NWs became completely irregular and sparse. In
contrast, Ga-polar NWs showed homogeneity for all the diameters ranging from 75 nm to 200 nm
(Figure 6.5 (e-h)). Interestingly, the lower diameter (75 nm and 100 nm) Ga-polar NWs started to

show some coalescence below 100 nm.
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Figure 6.6 SEM images of the (a) N-polar and (b) Ga-polar polar GaN NW grown for 6h showing the hawk-eye
image of the Ti mask and patterned area. The inset images show 45° angle image. Both images confirm N-polar
NW shows much better selectivity and less junk than Ga-polar.

Figure 6.6 shows SEM images of N-polar (a) and Ga-polar (b) GaN NWs after 6 h of
growth showing both the Ti mask region and patterned region to determine selectivity. In the inset,
45° angle images are shown, confirming that significantly better selectivity can be achieved for

SAG of N-polar NWs than Ga-polar NWs.
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Figure 6.7 SEM image of N-polar (a)-(e) and (f)-(j) Ga polar SA grown GaN NWs after 6h of growth with different
temperatures: (a), (f) sample 4 (800 °C); (b), (g) sample B (820 °C); (c), (h) sample C(830 °C), (d), (i) sample D
(850 °C) and (e), (j) sample E (880 °C). This shows with an increase in substrate temperature, lateral growth rate
decreases.

Figure 6.7 shows SEM images of N-polar (a)-(e) and Ga-polar (f)-(j) GaN NWs after 6h
of growth at different growth temperatures. Figure 6.7 shows SEM images of (a), (f) sample A
(800 °C); (b), (g) sample B (820 °C); (c), (h) sample C (830 °C); (b), (g) sample D (850 °C); (b),
(g) sample E (880 °C). Figure 6.7 clearly shows that with an increase in substrate temperature, the
lateral growth decreases drastically for both N-polar (a)-(e) and Ga-polar (f)-(j). For extreme high

growth temperature e.g., 880 °C, the NWs almost showed negative lateral growth, which means
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Figure 6.8 Comparison between N-polar and Ga-polar NWs (a) height (nm) and (b) lateral growth rate (nm/h)
after 6h growth. Ga polar NWs growth rate decreases abruptly with an increase in temperature.
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the nanowire diameter is smaller compared to their pattern diameter. This also showed that the
growth temperature for sample A and sample B (800-820 °C) is the optimum temperature.
Figure 6.8 shows a comparison between the height of N-polar and Ga-polar NWs after 6h
of GaN growth at different temperatures. Higher growth rates were achieved on N-polar GaN NWs
compared with that on Ga-polar GaN NWs. Moreover, the growth rate of N-polar NWs remained
relatively constant over a large range of growth temperatures, whereas the growth rate of Ga-polar
NWs decreased abruptly as growth temperature increased (Figure 6.8 (a)). The lateral growth rate
of Ga-polar NWs was shown to be much higher than that for N-polar NWs and decreased abruptly

with increase in substrate temperature (Figure 6.8 (b)).

Figure 6.9 SEM images of sample B as a representative of GaN SA grown NWs. (a), (b) after 6h of growth; (c),
(d) after additional 1h of AIGaN growths for N-polar and Ga-polar, respectively. This showing Alloying GaN with
Al promotes lateral growth on Ga-polar SAG of NWs helping to coalesce whereas does not affect N-polar GaN
NWs significantly.

Top view SEM images of sample B are shown in Figure 6.9 (a), (b) as a representation

after 6h growth of GaN N'Ws and Figure 6.9 (c), (d) as a representation after 1h growth of AlGaN
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for N-polar and Ga polar, respectively. As can be observed in these images, alloying GaN with
AIN did not change the lateral growth of N-polar NWs (Figure 6.9 (a) and (c)), whereas it

increased the lateral growth of Ga-polar NWs (Figure 6.9 (b) and (d)).

(a) (b) © (@

Figure 6.10 Low-magnification STEM HAADF images of AIGaN/GaN NWs by SAG with 250 nm nanowire
diameter as a representative of other nanowire diameters e.g. 100 nm and 150 nm for N-polar (a-b) and Ga-
polar(c-d). The N-polar NWs showed 4 ° tilt than vertical direction probably due to 4 ° miscut in N-polar GaN
template on sapphire substrate. The N-polar GaN NWs showed flat top surface whereas Ga-polar showed
pyramidal structure on the top surface.

Figure 6.10 shows (a), (c) low-resolution and (b), (d) high-resolution STEM images of
AlGaN/GaN NWs with diameter of 250 nm for N polar (a-b) and Ga-polar (c-d). The N-polar NWs
showed 4° tilt with respect to the vertical direction due to 4° miscut in the N-polar GaN template
on sapphire substrate, which shows that growth only occurs along the c-direction. N-polar GaN
NWs showed flat top surfaces whereas Ga-polar NWs showed pyramidal structure on the top
surfaces, similar to previous reports on self-assembled and SAG of GaN NWs [314,320,326,327].
A sharp AlGaN/GaN interface was achieved as evidenced by high-resolution STEM images. To
compare the Al content in N-polar and Ga-polar AIGaN SA grown NWs, energy dispersive spectra

was performed.
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Figure 6.11 Energy dispersive spectra (EDS) shows Al and Ga site percentage with different position for N-polar
and Ga-polar AIGaN/GaN NWs by SAG. Both N-polar and Ga-polar AIGaN/GaN showed similar Al incorporation

for similar growth condition.
Figure 6.11 shows EDS of AlGaN/GaN NWs with Al and Ga-site percentage with
different position for N-polar and Ga-polar SA grown AlGaN/GaN NWs for sample B (GaN NWs
grown at 820 °C). Interestingly, N-polar and Ga-polar AlGaN/GaN showed similar Al
incorporation at similar growth conditions for different NWs diameters. The gradual change of Al

content in the interface is related to the pyramidal structure of Ga-polar AlIGaN/GaN NWs since

EDS measurement averages Al or Ga content over a specific area.

6.3 Summary

In summary, higher growth rate and improved selectivity was observed for SAG of N-polar
GaN NWs compared to Ga-polar GaN NWs. Additionally, significantly higher lateral growth rate
for Ga-polar GaN NWs was observed, which can lead to the coalescence of nanowires, especially
in the dense patterns needed for LEDs or lasers. Alloying with Al further increased the lateral
growth rate of Ga-polar NWs, whereas it did not impact the lateral growth rate of N-polar NWs.
The N-polar NWs showed 4° tilt with respect to substrate surface, likely due to the 4° miscut in

N-polar GaN template on sapphire substrate. Al incorporation of ~40% was achieved on both N-
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polar and Ga-polar AlIGaN NWs irrespective of NW diameters. Due to improvement in selectivity
and the increase in growth rate by N-polar Ill-nitride based NWs compared to their Ga-polar
counterparts, N-polar NWs can be utilized for various next-generation optoelectronics and

electronics applications in near future.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

In this thesis, a spontaneous formation of InxGai.xN/InyGai.yN SASL structure on nominal
InGaN film grown on both Ga-polar and N-polar GaN by PAMBE was reported. These results
confirmed formation of SASL is independent of GaN substrate polarity. The formation SASL on
both Ga-polar and N-polar InGaN enabled growth of InGaN films beyond critical thickness
without any formation of dislocation and defects. Besides, it was observed that SASL did not form
when grown below a critical growth temperature.

A substrate treatment method was developed to obtain smooth surface with step edges on
ZnO substrates. A low temperature MEE technique was introduced to grow a thin layer of GaN
film on ZnO, which is necessary to suppress interfacial reaction between ZnO and InGaN. InGaN
films with In content ranging from 11% to 23% were also successfully grown on ZnO. InGaN
films grown on ZnO also showed SASL structure, however with significantly lower In modulation,
which indicates strain plays a role in the SL formation.

Additionally, in this thesis, relaxed InGaN films were developed on compliant porosified
GaN templates. ~1pm thick Ing.18Gao s2N with grading showed 82% relaxation, which is equivalent
to 15% fully relaxed In incorporation. It was shown that high-quality InGaN growth and InGaN
uniformity are associated with the degree of porosification of the GaN:Si layer. MOCVD grown
MQWs on InGaN on porous GaN redshifted ~85 nm in comparison with MQWs grown on planar

GaN.
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SAG growth of GaN and AlGaN nanowires were also studied on N-polar GaN template.
Higher growth rate and improved selectivity were observed for SAG of N-polar GaN NWs
compared to Ga-polar GaN NWs. Significantly higher lateral growth rate for Ga-polar GaN NWs
was observed. Alloying with Al further increased the lateral growth rate of Ga-polar NWs, whereas
it did not impact the lateral growth rate of N-polar NWs. Al incorporation of ~40% was achieved

on both N-polar and Ga-polar AlGaN NWs irrespective of NW diameters.

7.2 Future Works

Spontaneous formation of InGaN/GaN SA structures is intriguing and there are several
questions remaining that could be studied in the future. It would be interesting to explore impact
of strain on formation, period, and compositional modulation of SASL. For this purpose, once
could grow InGaN films with different compositions by changing Ga flux while maintaining the
growth temperature constant. Additionally, further studies are required to fully understand the
impact of substrate rotation, In content, growth regime (metal-rich vs N-rich), growth temperature,
and In/Ga flux on the formation and periodicity of self-assembled superlattice structures. Besides,
the impact of miscut angles in substrates in formation of SASL can also be explored. Moreover,
in the future, a robust substrate treatment method for N-polar GaN should be developed to prevent
formation of dislocation in N-polar GaN buffer layer.

There can be several applications for these SASL in photovoltaic cells (solar cells), LEDs
and etc. Additionally, many devices including hot electron transistors (HETSs) [1], InGaN-channel
HEMTs, LEDs, solar cells, and detectors could potentially benefit from relatively high temperature
(690 °C) growth of high-quality InGaN and spontaneous formation of InGaN/GaN superlattice

structure.
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This study showed that while high-quality GaN was initially achieved on ZnO. the surface
morphology of GaN on ZnO eventually degraded probably due to the strain built up in GaN. The
surface morphology degradation can be mitigated by removing the ZnO substrate immediately
after the growth or passivating the GaN Substrate after growth. Moreover, it would be interesting
to study InGaN growth on ZnO using thicker low temperature GaN interlayer to ensure
suppressing formation of low-quality interfacial layer.

The developed method of regrowing InGaN on porous GaN is an attractive technique for
the fabrication of high In content InGaN layer structures for efficient red-LEDs and especially
micro-LEDs for future displays. Studying growth of AIGaN on porosified tiles can be useful for
UV applications. Besides, studying relaxed (In,Al,Ga)N on fully porosified tiles with different
sizes can be of another promising direction.

The higher lateral growth rate of Ga-polar AIGaN can lead to the coalescence of nanowires,
especially in the dense patterns needed for LEDs or lasers. Due to improvement in selectivity and
the increase in growth rate by N-polar Ill-nitride based NWs compared to their Ga-polar
counterparts, N-polar NWs can be utilized for various next-generation optoelectronics and

electronics applications in near future.
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